
Plant Communities  
and Their Environment

Edited by Manuel T. Oliveira,  
Feyza Candan and Anabela Fernandes-Silva

Edited by Manuel T. Oliveira,  
Feyza Candan and Anabela Fernandes-Silva

This book presents different perspectives on how to understand the complex 
interaction between plants and the environment. Plant communities adapt to biotic 
and abiotic stresses with different mechanisms and understanding these phenomena 

provides the means to better manage our environment and to cultivate crops that 
better serve our needs.

Published in London, UK 

©  2020 IntechOpen 
©  GLady / pixabay

ISBN 978-1-78985-337-7

Plant C
om

m
unities and Th

eir Environm
ent





Plant Communities  
and Their Environment

Edited by Manuel T. Oliveira,  
Feyza Candan and Anabela Fernandes-Silva

Published in London, United Kingdom





Supporting open minds since 2005



Plant Communities and Their Environment
http://dx.doi.org/10.5772/intechopen.79940
Edited by Manuel T. Oliveira, Feyza Candan and Anabela Fernandes-Silva

Contributors
Jimin Cheng, Jishuai Su, Liang Guo, Jingwei Jin, Chengcheng Gang, Wei Li, Herminia Garcia-Mozo, 
Amber Hauvermale, Marwa N.M.E. Sanad, Dean Fitzgerald, David Wade, Patrick Fox, Sarwan Kumar, 
Álvaro Martínez, Vicente Gómez-Miguel, Erhard Schulz, Ilknur Babahan, Birsen Kirim, Hamideh 
Shokhouhi Mehr, Feyza Candan, Aboubacar Adamou, Sani Ibrahim, Issa Ousseini, Ludger Herrmann

© The Editor(s) and the Author(s) 2020
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, 
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. 
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or 
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning 
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons 
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of 
the individual chapters, provided the original author(s) and source publication are appropriately 
acknowledged. If so indicated, certain images may not be included under the Creative Commons 
license. In such cases users will need to obtain permission from the license holder to reproduce 
the material. More details and guidelines concerning content reuse and adaptation can be found at 
http://www.intechopen.com/copyright-policy.html.

Notice
Statements and opinions expressed in the chapters are these of the individual contributors and not 
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of 
information contained in the published chapters. The publisher assumes no responsibility for any 
damage or injury to persons or property arising out of the use of any materials, instructions, methods 
or ideas contained in the book.

First published in London, United Kingdom, 2020 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, United Kingdom
Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Plant Communities and Their Environment
Edited by Manuel T. Oliveira, Feyza Candan and Anabela Fernandes-Silva
p. cm.
Print ISBN 978-1-78985-337-7
Online ISBN 978-1-78985-338-4
eBook (PDF) ISBN 978-1-83962-156-7



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

5,000+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

125,000+
International  authors and editors

140M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

BOOK
CITATION

INDEX

 

CL
AR

IVATE ANALYTICS

IN D E X E D





Meet the editors

Manuel T. Oliveira is Professor in the Department of Agronomy 
at Universidade Tras os Montes e Alto Douro (UTAD), special-
izing in soil science and viticulture. He was head of the De-
partment of Agronomy and a member of the scientific council 
of UTAD. He was an invited researcher at Cornell University 
(USA), Catholic University of Santiago (Chile), and Universidad 
de La Rioja (Spain). He is a member of the editorial council of 

Plant and Soils and a regular referee for Sustainable Agriculture Research and Ag-
riculture Ecosystem & Environment. He is a member of the Soil Science Society of 
America, American Society of Agronomy, Horticultural Society of Portugal, and 
Portuguese Society of Agricultural Science. He is also a member of the Portuguese 
Association for National Defense.

Dr. Feyza Candan received her Ph. D in Biological Sciences at 
Botany section from Manisa Celal Bayar University, Turkey in 
2007. Her doctorate thesis was about a part of Crocus genus 
which is known publicly as saffron. After thesis studies, she has 
described 7 new Crocus taxa to the world literature in 2013. She 
completed her post doctoral research at Middle East Technical 
University, Turkey, between 2012-2104. She has worked as a 

short time researcher at Delaware State University, USA, in 2016. Her studying area 
is about plant morphology, anatomy, cytology, systematics, and molecular biology. 
She attended numerous national and international congresses, conferences and 
symposiums according to all her academic research life. She is currently working as 
an Associate Professor at Manisa Celal Bayar University, Turkey. 

Anabela Afonso Fernandes da Silva is a professor in the depart-
ment of Agronomy at the University of Trás-os-Montes e Alto 
Douro (UTAD), Portugal. She specializes in agrometeorology, 
crops’ water needs, and oliviculture. Her research interests 
include crops’ response to water deficits, water resources man-
agement, sustainable agriculture, crops and fruits production’s 
response to climate change, and olives and olive oil composition 

and quality. She is a coordinator of two national research projects. She is the direc-
tor of a BSc course in Agricultural Engineering. She has published around twenty 
peer-reviewed papers and authored two book chapters. She is a frequent reviewer 
for a number of JCR- and ISI-indexed journals. She is also a member of the Portu-
guese Horticultural Society. 



Contents

Preface XI

Section 1
Plant Phenology 1

Chapter 1 3
Plant Phenology and An Assessment of the Effects Regarding  
Heavy Metals, Nanoparticles, and Nanotubes on Plant Development: 
Runner Bean, Artichoke, and Chickpea Seedlings
by Feyza Candan

Chapter 2 27
Phenological Behaviour of Early Spring Flowering Trees
by Herminia García-Mozo

Chapter 3 39
Phenological Plasticity of Wild and Cultivated Plants
by Amber L. Hauvermale and Marwa N.M.E. Sanad

Section 2
Plants and Land Degradation 61

Chapter 4 63
Vegetation Dynamics. Natural versus Cultural and the Regeneration 
Potential. The Example of Sahara-Sahel
by Erhard Schulz, Aboubacar Adamou, Sani Ibrahim, Issa Ousseini  
and Ludger Herrmann

Chapter 5 103
Eastern Poison Ivy (Toxicodendron radicans L.): A Bioindicator of Natural 
and Anthropogenic Stress in Fields and Forests
by Dean G. Fitzgerald, David R. Wade and Patrick Fox

Chapter 6 135
Responses of Community Structure, Productivity and Turnover Traits 
to Long-Term Grazing Exclusion in a Semiarid Grassland on the Loess  
Plateau of Northern China
by Jimin Cheng, Wei Li, Jishuai Su, Liang Guo, Jingwei Jin  
and Chengcheng Gang



Contents

Preface XIII

Section 1
Plant Phenology 1

Chapter 1 3
Plant Phenology and An Assessment of the Effects Regarding  
Heavy Metals, Nanoparticles, and Nanotubes on Plant Development: 
Runner Bean, Artichoke, and Chickpea Seedlings
by Feyza Candan

Chapter 2 27
Phenological Behaviour of Early Spring Flowering Trees
by Herminia García-Mozo

Chapter 3 39
Phenological Plasticity of Wild and Cultivated Plants
by Amber L. Hauvermale and Marwa N.M.E. Sanad

Section 2
Plants and Land Degradation 61

Chapter 4 63
Vegetation Dynamics. Natural versus Cultural and the Regeneration 
Potential. The Example of Sahara-Sahel
by Erhard Schulz, Aboubacar Adamou, Sani Ibrahim, Issa Ousseini  
and Ludger Herrmann

Chapter 5 103
Eastern Poison Ivy (Toxicodendron radicans L.): A Bioindicator of Natural 
and Anthropogenic Stress in Fields and Forests
by Dean G. Fitzgerald, David R. Wade and Patrick Fox

Chapter 6 135
Responses of Community Structure, Productivity and Turnover Traits 
to Long-Term Grazing Exclusion in a Semiarid Grassland on the Loess  
Plateau of Northern China
by Jimin Cheng, Wei Li, Jishuai Su, Liang Guo, Jingwei Jin  
and Chengcheng Gang



II

Section 3
Plants and Their Environment 157

Chapter 7 159
Aphid-Plant Interactions: Implications for Pest Management
by Sarwan Kumar

Chapter 8 177
Terroir Zoning: Influence on Grapevine Response (Vitis vinifera L.)  
at Within-vineyard and Between-Vineyard Scale
by Álvaro Martínez and Vicente D. Gómez-Miguel

Chapter 9 191
Major Natural Vegetation in Coastal and Marine Wetlands:  
Edible Seaweeds
by Ilknur Babahan, Birsen Kirim and Hamideh Mehr

Preface

The environment has been altered during the last 200 years, and more dramatically 
in recent decades, due to climatic change on a global scale as well as anthropogenic 
activities affecting smaller areas but with significant impact on both natural and 
cultivated plant communities. The rate of environmental alteration might over-
come the natural ability of plants to adapt to new conditions and thus challenge 
agronomists to breed new plant varieties and find better cultivation techniques to 
raise crops capable of sustaining adverse conditions.

This book presents different perspectives on how to understand the complex 
interaction between plants and environment. Plants have phenological adapta-
tions to climate change that might serve as indicators of these same changes. 
Understanding their plasticity mechanisms is valuable to design breeding strate-
gies for the crops that feed the world. Plant communities are naturally dynamic 
and exhibit capacity to respond to stimulus to protect themselves from both biotic 
and abiotic stresses. Understanding these phenomena provides the means to 
enhance plant resistance to harmful effects, to bring degraded land to healthier 
conditions, and to make better use of their potential to produce our food.

Manuel T. Oliveira
University Tras os Montes Alto Douro (UTAD),

Department Agronomy,
Portugal

Feyza Candan
Biology Department,

Arts and Science Faculty,
Manisa Celal Bayar University,

Manisa, Turkey

Anabela Fernandes-Silva
University Tras os Montes Alto Douro (UTAD),

Portugal 

XII



II

Section 3
Plants and Their Environment 157

Chapter 7 159
Aphid-Plant Interactions: Implications for Pest Management
by Sarwan Kumar

Chapter 8 177
Terroir Zoning: Influence on Grapevine Response (Vitis vinifera L.)  
at Within-vineyard and Between-Vineyard Scale
by Álvaro Martínez and Vicente D. Gómez-Miguel

Chapter 9 191
Major Natural Vegetation in Coastal and Marine Wetlands:  
Edible Seaweeds
by Ilknur Babahan, Birsen Kirim and Hamideh Mehr

Preface

The environment has been altered during the last 200 years, and more dramatically 
in recent decades, due to climatic change on a global scale as well as anthropogenic 
activities affecting smaller areas but with significant impact on both natural and 
cultivated plant communities. The rate of environmental alteration might over-
come the natural ability of plants to adapt to new conditions and thus challenge 
agronomists to breed new plant varieties and find better cultivation techniques to 
raise crops capable of sustaining adverse conditions.

This book presents different perspectives on how to understand the complex 
interaction between plants and environment. Plants have phenological adapta-
tions to climate change that might serve as indicators of these same changes. 
Understanding their plasticity mechanisms is valuable to design breeding strate-
gies for the crops that feed the world. Plant communities are naturally dynamic 
and exhibit capacity to respond to stimulus to protect themselves from both biotic 
and abiotic stresses. Understanding these phenomena provides the means to 
enhance plant resistance to harmful effects, to bring degraded land to healthier 
conditions, and to make better use of their potential to produce our food.

Manuel T. Oliveira
University Tras os Montes Alto Douro (UTAD),

Department Agronomy,
Portugal

Feyza Candan
Biology Department,

Arts and Science Faculty,
Manisa Celal Bayar University,

Manisa, Turkey

Anabela Fernandes-Silva
University Tras os Montes Alto Douro (UTAD),

Portugal 



Section 1

Plant Phenology

1



Section 1

Plant Phenology

1



Chapter 1

Plant Phenology and An
Assessment of the Effects
Regarding Heavy Metals,
Nanoparticles, and Nanotubes on
Plant Development: Runner Bean,
Artichoke, and Chickpea Seedlings
Feyza Candan

Abstract

The relationship between environmental pollution and nutrition in particular,
which forms the basis of health, is fundamentally important for protecting human
health. Therefore, the data obtained from the examination of how plants and
animals consumed as food are affected by environmental pollution can be seen as
an indicator of their effects on humans. On the other hand, the role of technology
and nanotechnology in life has been increasing in this century, and a considerable
amount of heavy metals, nanoparticles (NPs), and nanotubes (NTs) are released to
the environment. The results of morphological or anatomical examination of runner
bean (Phaseolus coccineus L) and artichoke (Cynara scolymus L.) plants subjected to
copper (Cu) and lead (Pb) heavy metals and chickpea (Cicer arietinum L) plants
subjected to Au nanoparticles and C70 single-walled carbon nanotubes (SWNTs) are
presented with this study in the point of their phenological development process.
The three taxa belonging to Fabaceae and Asteraceae families with high economic
status and having flowers with characteristic features were chosen deliberately as
representatives. This chapter presents a study that will shed light on future
biomonitoring-based studies focusing on the impact of environmental pollution on
plants phenology with economic value.

Keywords: heavy metal, nanoparticle, nanotube, runner bean
(Phaseolus coccineus L), artichoke (Cynara scolymus L), chickpea (Cicer arietinum L),
morphology, anatomy

1. Introduction

It is a known fact that environmental pollution constitutes an important problem
in Turkey as well as in the rest of the world. Rapid industrialization and population
growth have caused pollution in the atmosphere, pedosphere, and hydrosphere.
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Therefore, it is seen that countries pay particular attention to pollution-related
studies and health problems caused by pollution and allocate high amounts of
resources to deal with the problem.

Heavy metals show toxic effects at certain concentrations for living organisms.
However, low concentrations of some heavy metals are essential for normal and
healthy plant growth. Furthermore, heavy metals and nanoparticles are causes of
concern because they can penetrate into different parts and cells of plants at
different rates, and by this way, they enter the food chain and reach the living
beings.

There are about 22,000 bryophyte species and 20,000 algae species; however,
vascular plants are the dominant plant group in the world with 255,000 species.
Land plants, which perform their life cycles completely in the terrestrial environ-
ment, are mainly composed of bryophytes and vascular plants. Furthermore, at
least a thin film of water is required for fertilization in all taxa except seed plants.
Even in the two primitive genera seed plants, cycad and gingko, fertilization is a
result of free-swimming spermatozoids released into the liquid medium in the
archegonium chamber [1–3].

One of the most important features of vascular plants is the presence of buds at
the ends of the trunk and side branches in the gymnosperms and generally in the
angiosperms. The bud is an apical meristem coated with protective bud scales.
Meristem is the region of cells to which new cells, tissues, and organs are added and
has the potential for active cell division and contributes to plant growth. Therefore,
despite the limited growth potential in animals, plant growth is limitless due to the
presence of apical meristem. However, the development of plant parts, such as
leaves, flowers, and fruits, is limited to their shapes and is genetically
predetermined [1]. In short, when evaluated from a phenological point of view,
plant parts do not show any further growth independent of the time they remain on
the plant after completing their development.

Cell development and differentiation take place as the changes occurring in
protoplast; for example with the fusion occurring in vacuoles to grow, via structures
such as mitochondria, plastids and the golgi body, endoplasmic reticulum, micro-
tubules, and microfilaments in cytoplasm. Cell walls differentiate and increase in
thickness due to structural and environmental effects, and they may become per-
meable. Moreover, the walls may integrate with the lignin, which increases tensile
forces. Tissues formed by the differentiation of apical meristem include paren-
chyma, collenchyma, sclerenchyma, and primary xylem and primary phloem, in
which the pith and cortex are formed [1, 2].

Phenological stages are divided into eight possible principal stages: [1] bud
development, [2] leaf development, [3] shoot/branch development, [4]
inflorescence emergence, [5] flowering, [6] fruit development, [7] fruit maturity,
and [8] senescence and the beginning of dormancy [3]. Secondary parts and
secondary metabolites occur in the plant during the phenological cycle [1].
Genotype and environmental factors are involved in the emergence of seconder
metabolites. In this case, based on the amount of soil, water, and air pollution in
the environment in which the plant grows, various deteriorations may occur as a
result of morphological and physiological changes whose effects on the plant can
be seen with the naked eye or observed only through microscopic examinations.
In this chapter, general information about heavy metal and nanoparticles is
given, and the effects of heavy metals and nanoparticles on the seedlings of
runner bean (Phaseolus coccinea), chickpea (Cicer arietinum), and artichoke
(Cynara scolymus) species, which are of economic importance, were examined
morphologically and anatomically.
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2. Effects of heavy metals, nanoparticles, and nanotubes on plant
phenological development

The term heavy metal has been used by scientists with various definitions for
about 60 years. An element with a density of more than 7 g/cm3, in 1987 with a
density of more than 4 g/cm3, in 1992 with a density greater than 5 g/cm3, and in
1995 with a density of 6 g/cm3 with a metallic property was classified as heavy metal
in 1964. Some scientists have classified heavy metals according to their atomic
weights, atomic numbers, other chemical properties, and toxic properties. In bio-
logical terms, the term heavy metal is generally used for possible contamination of
metals and metalloids on the environment and in terms of their toxicity or
ecotoxicity [4].

Heavy metals are released into the atmosphere, pedosphere, and hydrosphere
every day due to human activities besides natural causes, such as volcanic activities.
Flying ashes from the chimneys of cement plants and thermal power plants; the use
of heavy metal paint; the smoke emitted by motor vehicles as well as their plastic-
based parts such as brake pads, garbage, and waste sludge incineration plants; and
the release of industrial wastes, such as pesticides, fertilizers, paper, batteries,
products, etc. are among the main causes of heavy metal pollution [5–7].

The discharge of heavy metal-containing particles released from the factory and
plant chimneys onto agricultural lands, their dissolution in the soil by rain or
irrigation, or the irrigation of agricultural land mixed with industrial wastewater
leads to various diseases in crops grown on such lands and damages the agricultural
economy [8–10].

Heavy metals have toxic effects for living organisms at certain concentrations.
However, certain critical concentrations of some heavy metals are necessary for
normal and healthy plant growth. Therefore, heavy metals are classified as essential
elements and nonessential elements according to their participation in life pro-
cesses. Cobalt (Co), copper (Cu), manganese (Mn), molybdenum (Mo), iron (Fe),
nickel (Ni), and zinc (Zn) are heavy metals necessary for the growth and vitality of
plants and are considered essential elements. Heavy metals such as barium (Ba),
cadmium (Cd), mercury (Hg), antimony (Sb), lead (Pb), and chromium (Cr) are
not essential for plants and other living organisms and are called nonessential
elements [11].

Essential elements are found as a cofactor in many enzyme systems and as a
structural component in biological processes in living organisms. For example,
copper is an essential element for normal plant growth at certain concentrations.
Copper is an essential cofactor for many metalloproteins in plants and plays a role in
photosynthetic electron transport, mitochondrial respiration, cell wall metabolisms,
and hormone signal transduction pathways [12, 13].

High concentrations of copper (depending on plant species) show toxicity in
plants although it is an essential element. Lead is not an essential element and shows
toxic properties for plants. The presence of excess copper and lead in the environ-
ment negatively affects phenological development in plants [14].

These heavy metals result in lipid peroxidation [15], degradation of cell and
thylakoid membrane structure, and a decrease in chlorophyll amount due to the
change in the chloroplast structure and thus chlorosis as a result of the oxidative
damage they caused [16]. Heavy metals bind to sulfhydryl (-SH) groups of proteins
and inhibit enzyme activity [17] and cause oxidative DNA damage [18, 19], chro-
mosomal abnormalities [20], and lack of other essential elements [21–24].

More than 30 base lesions were characterized by DNA exposure to reactive
oxygen species [25]. On the DNA, reactive oxygen species can cause
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single-nucleobase lesions, single-strand breaks, double-strand breaks, and various
oxidative damages such as base connections in the strand [26–28].

Contamination of soils with heavy metals and the accumulation of heavy metals
in high concentrations in plants grown here have a genotoxic effect in plants and
lead to mutation-like changes in the DNA profile. Therefore, a connection can be
established between these changes in the organism and the intensity of pollution in
the soil [29].

Sresty and Rao (1999) examined the ultrastructural changes in the nucleolus,
nucleus, endoplasmic reticulum, and vacuoles in pea plant stem cells in response to
zinc and nickel stress [30].

Zengin and Munzuroğlu (2004) observed the root, stem, and leaf growth in
bean (Phaseolus vulgaris L.) seedlings exposed to lead and copper stress and exam-
ined which tissue was affected more in heavy metal stress [14].

Soudek et al. (2010) exposed flax (Linum usitatissimum L.) seeds to different
concentrations of lead, nickel, copper, zinc, cadmium, cobalt, arsenic (As), and
chromium heavy metals and examined the effects of heavy metal stress on plant
germination and root development [31].

Öztürk Çalı and Candan have studied the effects of fungicide on the morphology
and viability of pollens of tomato (Lycopersicon esculentum Mill.) [32]; the effect of
activator application on the anatomy, morphology, and viability of tomato pollen
[33]; and influence of activator on meiosis of tomato [34].

Candan and Öztürk Çalı (2015) have observed pollen micromorphology of four
taxa of Anemone coronaria L. from western Turkey [35]. On the other hand, the
authors have compared the pollen morphology and viability of four naturally dis-
tributed and commercial varieties of Anemone coronaria [36].

Some studies have used various methods based on single-cell gel electrophoresis
(comet assay), micronucleus analysis, or cytogenetic analysis in order to investigate
the genotoxic effects of pollution on plants.

Steinkellner et al. (1999) treated samples of Tradescantia sp. with water from
seven regions of Austria where the water was exposed to industrial pollution, and
they examined the chromosomal changes in the cells of the root region of the plant
by micronucleus analysis. The authors reported negative changes in plant stem cells
at the end of the study [37].

Menke et al. exposed the root area of Arabidopsis thaliana (L.) to different
genotoxic effects. They examined the damage caused by the genotoxic effect in the
plant by single-cell gel electrophoresis method and successfully demonstrated the
mutagenic effect occurring in stem cell nuclei [38].

The Comparison of Physiological, Biochemical and Molecular Parameters in Seed-
lings of Artichoke (Cynara scolymus L.) and Runner Bean (Phaseolus coccineus L.) Seeds
Exposed to Lead (Pb) Heavy Metal Stress in the point of Ecological Pollution was
studied with the 2012-057 numbered project supported by Manisa Celal Bayar
University [39]. Candan and Batır have presented this scientific important compar-
ison at a conference after the project was completed [40]. On the other hand, Batır
has studied on the thesis about determination of the DNA changes in the artichoke
seedlings (Cynara scolymus L.) subjected to lead and copper stresses [41], and Batır
et al. have written an article about that topic [42]. The original PCR photographs of
some primers used related runner bean and artichoke samples are given below
[39, 41] (Figures 1–6).

Today, especially due to increasing demand and changing climatic conditions,
many studies have been carried out in plant biotechnology regarding more resistant
agricultural plants against factors such as drought, salinity, freezing, and heavy
metal contamination. Various biological, chemical, and physical methods are

6

Plant Communities and Their Environment

available as regards obtaining biomolecules; for example, nanomaterials with their
considerable reactions have much attention in biomass. The basis of this study is to
determine the genotoxic effect levels of different stress factors on different plant

Figure 1.
PCR gel photograph of OP A03 primer used related runner bean samples [39].

Figure 2.
PCR gel photograph of OP C05 primer used related runner bean samples [39].

Figure 3.
PCR gel photograph of OP C20 primer used related runner bean samples [39].
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species. Until recently, the investigation of the effects of stress factors as heavy
metals, nanoparticules, and nanoparticles on plant phenology remained at cellular,
morphological, and anatomical levels.

Figure 4.
PCR gel photograph of OP C03 primer used related artichoke samples [39, 41].

Figure 5.
PCR gel photograph of OP C05 primer used related artichoke samples [39, 41].

Figure 6.
PCR gel photograph of OP C18 primer used related artichoke samples [39, 41].
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3. Materials and methods

Fabaceae family to which runner bean and chickpea plants belong and
Asteraceae family to which artichoke belongs were selected as the study material.
Both of them are families with large numbers of economically important plants in
Turkey as well as in the rest of the world. The flowers of the Fabaceae family are
zygomorphic in shape and have legume and lomentum fruit. There are many
flowers lined up on the flower tray (receptaculum) and head (capitulum) formed
by the bracts surrounding these flowers, and there are achene type fruits in the
Asteraceae family [43–46].

The aim of the present study was to investigate the effects of copper and lead
heavy metals on runner bean (Phaseolus coccineus) and artichoke (Cynara scolymus)
seedlings. In addition, the effects of Au nanoparticles and C70 single-walled carbon
nanotubes on chickpea (Cicer arietinum) seedlings were investigated morphologi-
cally. The tolerability of heavy metal and nanoparticle effects by these plants, the
cultivation in heavy metal or nanoparticle-contaminated areas, the morphological
and anatomical reflections of the changes in genomes, and to which extent the plant’s
general structure are preserved compared to controls were evaluated in this way.

3.1 Germination and cultivation of runner bean and artichoke seeds

Runner bean and artichoke seeds were sterilized and then planted for growing.
At least 20 seeds were included and observed in the control group and for each
heavy metal application. Seeds were planted and germinated in viols with fine-
grained perlite [47].

CuCl2 2H2O and Pb (CH3COO)2 3H2O solutions were applied in concentrations
of 20, 40, 80, 160, 240, 320, 640, and 1280 ppm to the runner bean and artichoke
seeds planted in groups of 3(Cu 20, Cu 40, Cu 80, Cu 160, Cu 320, Cu 640, Cu 1280
and Pb 20, Pb 40, Pb 80, Pb 160, Pb 320, Pb 640, Pb 1280). This procedure was
repeated for 21 days. The seeds of the control group were planted and irrigated with
distilled water. As a result, seedlings of the control group and those subjected to Cu-
Pb heavy metal stress were obtained after 21 days [47] (Figures 7, 8).

Figure 7.
Runner bean seedlings treated with Pb grown in viol. (a) general view at development phase. (b) general view
after development.
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3.2 Germination and cultivation of chickpea seeds

Twenty chickpea seeds were exposed to 4 ml Au NPs and C70 SWNTs and 15 ml
deionized water mixture for 2 days, and they were grown in pots with perlite for
21 days in two groups. The control group of 20 seeds was also grown in other pots
with perlite. All the plants in this group were watered every day in the morning only
with water. Au NPs and C70 single-walled carbon nanotubes exposed to chickpea
plants and control group were taken from the pots after 3 weeks, and herbarium
materials were made. On the other hand, some of them were stored at 70% alcohol
for microscopical investigations [48] (Figure 9).

3.3 Methods used to obtain anatomical data

Cross sections were taken from taxa to determine and compare the characteris-
tics of root and stem anatomy of runner bean and artichoke seedlings exposed to Cu
and Pb heavy metal concentrations. While determining the samples from seedlings
to take sections, 3–10 mm from the end of the roots and the middle part of the body
above the ground were used. These fragments were used for sectioning with

Figure 8.
Artichoke seedlings treated with Pb grown in viol. (A) General view. (b) Close-up view of samples treated with
20 ppm Pb.

Figure 9.
General view of the control group grown in the climate cabinet, chickpea seedlings treated with Au NPs and C70
SWNTs and pots with late germination.
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microtome by the paraffin method. All plant samples were subjected to various
treatments to make the sections suitable for microtome removal [47].

These operations were carried out on the samples taken from the
abovementioned parts of the plants retained in 70% alcohol. These parts were
passed through 80, 90, and 100% alcohol and 2 alcohol/1 xylol, 1 xylol/1 alcohol, 1
alcohol/2 xylol, and 100% xylol solutions, in this order. The paraffin was allowed to
penetrate the interior of the samples which were kept in the laboratory drying oven
at 60° for 48 hours. Sections of 20, 25, 30, 35, and 40 μm used in the investigations
were obtained via samples placed in paraffin blocks. The sections were placed on
slides properly by using a hot water bath set at 40 °, and they were fixed onto the
slides with adhesive. Sections were cleared off paraffin using 100% xylol, 1 xylol/1
alcohol, absolute alcohol, 95% alcohol, 80% alcohol, 70% alcohol, and purified
water, in this order, for 5 minutes each, and then they were stained with safranin
and fast green. Samples were kept in pure water, 70% alcohol, 80% alcohol, 95%
alcohol, absolute alcohol, 1 xylol: 1 alcohol, and 100% xylol, for 1 minute each, so
that water removal from the tissues was completed [49–51]. After removal of all the
water, the preparations which were made permanent using Entellan and allowed to
dry for 4–5 days at room temperature were examined in general. In this way, the
reaction of the samples (with different concentrations of heavy metal in the cells) to
dyes and the possible staining status were determined.

During the examination of the sections, the treatment of plant tissues with dye
has caused a problem since the samples contain heavy metals, such as copper and
lead, and they affect the physiology of the plant. However, it is known that in
permanent preparations, an artificial appearance is obtained by losing some of the
chemical content of the plant material and pigments due to the fact that the plant
materials pass through a considerable amount of chemical stages. Therefore, it has
been stated in some studies that permanent preparation methods are not suitable for
some plants [52, 53]. It was also tried to make hand cross sections on artichoke and
runner bean samples. The anatomical features of the taxa were evaluated and
interpreted according to Carlquist, Fahn, and Yentür [2, 54, 55].

Dyes were prepared using different ratios of safranin and fast green, and all of
them were tested for staining of heavy metal-treated anatomical specimens in
accordance with the literature [50, 51], and examinations were performed on the
specimens deemed appropriate.

Furthermore, objectives of 4, 10, 20, and 40 were used for examination and
photographing the anatomical structures of the root and stem of the taxa. Runner
bean and artichoke root and stem photographs were taken with 4, 10, and 20
objectives, and the unit of measurement was determined as 100 (μm).

4. Results

4.1 Morphological observations

Runner bean seeds were germinated at all concentrations of Cu and Pb.
However, there wasn’t any germination observed in 640 and 1280 ppm
concentrations of Cu in the artichoke seeds, but germination occurred in all
concentrations of Pb [39, 47].

It was determined in the morphological observations of runner bean and arti-
choke plants subjected to heavy metals that significant differences occurred in
different doses of phytotoxic effects of Cu and Pb [47].

The control group samples of the runner bean and artichoke plants were
photographed in order to compare the heavy metal phytotoxic effects on the
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morphological characteristics of the plants. Moreover, the general appearance and
close-up photographs of the samples related to runner bean plant irrigated with Cu
20 ppm and Pb 160 and Pb 1280 ppm concentrations and artichoke plant irrigated
with Cu 20 and 40 ppm and Pb 20 and 40 ppm were taken (Figures 10–15).

Cu and Pb heavy metals caused various phytotoxic effects in cases where the
recommended dosage was exceeded or excessive pollution occurred in any other
way was determined as the result of the study when the changes in the morpholog-
ical structures of the plants were examined. Phytotoxicity seen in the morphological
structure of the plant emerged as bending, shrinkage, and dark spots on the end of
the leaves. On the other hand, while plant root, stem, and leaf lengths increase in
low doses, high concentrations (640–280 ppm) cause size reduction and incomplete
development [47] (Figures 10–15).

Figure 10.
(a) Control group of runner bean seedling. (b) runner bean seedlings treated with Cu 20 ppm [47].

Figure 11.
(a) Runner bean seedling treated with Pb 1280 ppm. (b) Undeveloped runner bean seed treated with Pb
160 ppm [47].
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It was observed that there was an increase in plant root, stem, and leaf sizes in
both treatment groups when chickpea plant control group and the plants subjected
to Au Nps and C70 SWNTs were compared. Furthermore, it was determined that
there were increases in the number of fibrous roots, nodes, and subbranches in both
groups (Figure 16).

Figure 12.
(a) Runner bean seedlings treated with Pb 1280 ppm. (b) General view of anomalies in terms of shape,
chlorosis, and hole [47].

Figure 13.
(a) Artichoke seedling of control group. (b) Artichoke seedling treated with Cu 20 ppm [47].

Figure 14.
Artichoke seedling treated with Cu 40 ppm. (a) General view. (b) Close-up view of the dried leaves [47].
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4.2 Anatomical observations

Micrometer was selected as the unit for measurements taken from root and stem
cross sections of the runner bean and artichoke seedlings. Cross sections taken from
the roots and stem parts of the plants were considered suitable for evaluation. The
roots and stems, epidermis, vascular bundle elements, secretary canals, scleren-
chyma, starch sheath, cortex and pith cells, and cambium cells were measured, and
the presence and variety of crystals were examined and compared [47].

Photographs of root and stem cross sections of the runner bean and artichoke
plants were taken in order to compare the anatomical effects of heavy metal phyto-
toxic effects on the morphological characteristics of the plants. Runner bean root
cross-sectional photographs were taken from root samples subjected to Cu 80 ppm
and 640 ppm, and Pb 640 ppm concentrations and stem cross-section photographs

Figure 15.
Artichoke seedling treated with Pb 40 ppm. (a) general view. (b) close-up view of the dried leaves [47].

Figure 16.
(a) Chickpea seedling of the control group and the sample treated with Au NPs. (b) Chickpea seedlings treated
with C70 SWNTs.
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were taken from the samples subjected to Cu 20, 80, and 640 ppm concentrations.
Artichoke seedlings of root cross sections treated with Cu 160 ppm and Pb 320 and
640 ppm concentrations and stem cross sections treated with Cu 20 and 160 ppm
and Pb 1280 ppm concentrations were examined [47] (Figures 17–25).

However, diseases caused by heavy metal stress in the plant, such as chlorosis
and necrosis, and epidermal thickening, density of crystallization, increase in hair-
iness, and thinning in vascular bundles had negative effects on staining in anatom-
ical studies and caused the tissues not to absorb the dye. Furthermore, the presence
of heavy metals in the plant content and crystallization prevented the retention of
the dye and made staining process difficult. Thus, a large number of experiments
with different dyes and dye concentrations have been carried out for the tissue to
absorb the dye into the cell [47].

Figure 17.
(a) Control group of runner bean seedling root cross section; vascular bundles, cambium, and glandular
primordium. (b) Cross section of runner bean seedling treated with Cu 80 ppm; vascular bundles, cambium,
sclerenchyma, endodermis, pericycle, and casparian strip [47].

Figure 18.
(a) Runner bean seedling treated with Cu 640 ppm: (a) general view of root cross section, vascular bundles,
endodermis, pericycle, and cambium. (b) Close-up view of root cross section, secretion canals, cambium,
endodermis, casparian strip [47].

Figure 19.
(a) Control group of artichoke seedling root cross section. (b) Cross section of artichoke seedling treated with Cu
160 ppm root cross-section central cylinder and conduction bundles [47].
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Photographs of root and stem cross sections of the runner bean and artichoke
plants were taken in order to compare the anatomical effects of heavy metal phyto-
toxic effects on the morphological characteristics of the plants. Runner bean root
cross-sectional photographs were taken from root samples subjected to Cu 80 ppm
and 640 ppm, and Pb 640 ppm concentrations and stem cross-section photographs

Figure 15.
Artichoke seedling treated with Pb 40 ppm. (a) general view. (b) close-up view of the dried leaves [47].

Figure 16.
(a) Chickpea seedling of the control group and the sample treated with Au NPs. (b) Chickpea seedlings treated
with C70 SWNTs.
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were taken from the samples subjected to Cu 20, 80, and 640 ppm concentrations.
Artichoke seedlings of root cross sections treated with Cu 160 ppm and Pb 320 and
640 ppm concentrations and stem cross sections treated with Cu 20 and 160 ppm
and Pb 1280 ppm concentrations were examined [47] (Figures 17–25).

However, diseases caused by heavy metal stress in the plant, such as chlorosis
and necrosis, and epidermal thickening, density of crystallization, increase in hair-
iness, and thinning in vascular bundles had negative effects on staining in anatom-
ical studies and caused the tissues not to absorb the dye. Furthermore, the presence
of heavy metals in the plant content and crystallization prevented the retention of
the dye and made staining process difficult. Thus, a large number of experiments
with different dyes and dye concentrations have been carried out for the tissue to
absorb the dye into the cell [47].

Figure 17.
(a) Control group of runner bean seedling root cross section; vascular bundles, cambium, and glandular
primordium. (b) Cross section of runner bean seedling treated with Cu 80 ppm; vascular bundles, cambium,
sclerenchyma, endodermis, pericycle, and casparian strip [47].

Figure 18.
(a) Runner bean seedling treated with Cu 640 ppm: (a) general view of root cross section, vascular bundles,
endodermis, pericycle, and cambium. (b) Close-up view of root cross section, secretion canals, cambium,
endodermis, casparian strip [47].

Figure 19.
(a) Control group of artichoke seedling root cross section. (b) Cross section of artichoke seedling treated with Cu
160 ppm root cross-section central cylinder and conduction bundles [47].
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Figure 21.
(a) General view of control group runner bean seedling stem cross section; close-up view of epidermis, cortex
bundles, and secretion canals. (b) Close-up view of runner bean seedling stem treated with Cu 20 ppm: Xylem,
phloem, secretion canals, and starch scabbard [47].

Figure 22.
(a) General view of runner bean seedling stem treated with Cu 80 ppm: Vascular bundles, secretion canals,
and crystals. (b) Close-up view of runner bean seedling stem treated with Cu 640 ppm: Secretion canals and
crystals [47].

Figure 23.
(a)Close-up view of runner bean seedling stem treatedwith Pb40ppm:Xylem, phloem, secretion canals, and crystals.
(b) General view of runner bean seedling stem treated with Pb 640 ppm: Vascular bundle, secretion canals [47].

Figure 20.
(a) Close-up view of artichoke seedling root treated with Pb 320 ppm: Central cylinder, endodermis, pericycle, and
crystals. (b) Close-up view of root artichoke seedling treated with Pb 640 ppm: Vascular bundles and crystals [47].
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5. Discussion

Heavy metal pollution in soil and water is one of the most important environ-
mental problems in industrialized countries. Various heavy metals such as cad-
mium, lead, copper, mercury, and chromium from various industrial
establishments such as leather, paint, fertilizer, textile, cement, and chemical
industry are released onto soil and aquatic environments and cause environmental
pollution [56–58]. Since most of the heavy metals do not undergo biodegradation in
the environment, they can easily accumulate and increase their toxic effects on
living things by forming very complex structures [59].

High-structured plants are equipped with advanced features that allow them to
adapt to changes in nature, one of which is the retention of metals in the roots [60].
Retention and deposition of metals in roots have more negative effect on the root
area and seed germination than stem and leaf growth. Zengin and Munzuroğlu
(2004) reported that the most negative effect was in the root area of the bean
(Phaseolus vulgaris) seedlings exposed to increasing concentration of lead and cop-
per solutions; stem and leaf growth was negatively affected; however, they stated
that the most negative effect was in the root area of the seedlings [14].

Figure 24.
(a)general view of artichoke seedling stem treated with Cu 20 ppm stem: Vascular bundles and (b) general
view of artichoke seedling stem treated with Cu 160 ppm.

Figure 25.
(a) Close up view of artichoke seedling stem treated with Cu 160 ppm:Xylem, phloem, and crystals and
(b) close up view of artichoke seedling stem treated with Pb 1280 ppm cortex and crystals.
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Soudek et al. (2010) treated linen (Linum usitatissimum L.) seeds with different
concentrations of lead, nickel, copper, zinc, cadmium, cobalt, arsenic, and chro-
mium heavy metals and reported that heavy metal stress had negative effects on the
number of germinating seeds and seedling root development. The negative effect of
heavy metal stress on root length in plants may result from the division of cells in
the root region or the prolongation of the cell cycle [31]. The root, stem, and leaf
structures of the runner bean and artichoke seedlings grown in high Cu and Pb
concentrations (160, 320, 640, 1280 ppm) examined in this study were degraded as
a result of oxidative damage. Therefore, the epidermal cells forming the surface of
these parts were damaged, which negatively affected root, stem, and leaf growth.
However, it also caused adverse conditions such as dryness, shrinkage, and necrosis
in the leaves although Cu and Pb heavy metals applied at low concentrations
generally stimulated growth and increase the number of leaves in the plant [39, 47].
Furthermore, browning caused by heavy metal stress was observed in the roots of
the runner bean and artichoke seedlings in which high concentrations of heavy
metals were applied. This color change occurs with the increase in the amount of
suberin in stem cells. Therefore, suberin stem cells will limit the uptake of water,
and plant growth inhibition occurs [61, 62].

The defense mechanisms developed by plants against heavy metal stress may vary
in the level of family, genus, species, subspecies, and variety [54–57]. The defense
mechanisms that allow plants to be tolerant to heavy metals have not yet been fully
understood. However, the mechanisms of tolerance include vacuolar phenomena
[58], enzymatic and nonenzymatic antioxidant systems [59, 60], metal-binding
ligands such as metallothionein [61], and alternative oxidase pathways [62].

Although copper is an essential element, it is more toxic when it is present in
high doses compared to cadmium, a nonessential element. This is explained by the
direct influence of copper on the formation of reactive oxygen species [superoxide
radical (O2˙�), hydrogen peroxide (H2O2), hydroxyl radical (OH�)] because it is a
trace element. Since copper and iron transition metals are involved in
oxidoreduction reactions, they act as catalysts that accelerate the formation of
reactive oxygen species [63–66]. As in previous studies, it was found that artichoke
seedlings are negatively affected mostly by copper in molecular terms [39, 41,
67, 68]. The highest negative effect was observed in groups subjected to copper
solutions in terms of root length, root dry weight, total soluble protein amount, and
genomic mold stability [39–42] (Figures 17–22).

Reactions to heavy metal stress in this study emerged as different anatomical
results in both plants. However, it can be determined that the response of copper-
treated samples was not always greater than that of the lead-treated samples even
though they responded differently to different concentrations in terms of anatom-
ical results. Previously the effect rate observed at the molecular level in Cu-treated
samples has been found to be higher than the effect rate in Pb-treated samples in
both plants [39–42]. However, it was not the case for the present anatomical study
because the roots and stems of the plants were examined in terms of many param-
eters, so heavy metals did not show the same effect [47] (Figures 17–25).

It was observed that seedlings belonging to runner bean species showed high
tolerance against lead and copper stress. The genome of the plants was preserved at
94–95%, and no significant reduction in total soluble protein was observed espe-
cially at 1280 ppm concentration of lead and copper solutions. This situation has led
to the conclusion that runner bean species has a strong defense mechanism against
heavy metal contamination [40–42, 49]. In this anatomically based study, it would
be wrong to say that one heavy metal is always superior to another in terms of its
effects because plant parts were examined anatomically in terms of many parame-
ters and similar results were not observed in all. The reaction of the plants as
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crystallization is particularly important and has shown similar responses in both
heavy metal treatments. The differences varied in terms of crystal density, location,
and shapes (Figures 17–25) [47].

As a result, various anatomical differences determined in this study regarding
the characteristic features, such as root and stem vascular bundles thicknesses, cell
size and fragmentation in the pith region, formation or thickening of cambium and
sclerenchyma, shape and size of secretary canals, differences in cortex cell sizes, the
sizes of the vascular bundles, the formation of crystals and deposits in the phloem
layer according to the heavy metal concentration applied, the number of epidermis
cells per unit area, and the epidermal wall shapes, can be used to reveal the phyto-
toxic effects of Cu and Pb heavy metals.

The morphology of roots and shoots is extremely important for the growth and
development of all plants, and each factor that changes their morphology has
positive/negative effects [69].

On the other hand, Candan and Lu (2017) have shown that there are more
differences on the pea green (Pisum sativum) anatomy under the effects of C70

nanomaterial [70]. Candan and Markushin have studied about spectroscopic study
of the gold nanoparticles (Au NPs) distribution in leaf, stem, and root of the pea
green plant [71]. In this chapter, the effects of Au nanoparticles and C70 nanotubes
on the morphology of roots, leaves, and stems are investigated, and positive results
on the development of chickpea have been observed (Figure 16).

6. Conclusion

It is the fact that the application of some materials which are not used
consciously or at the recommended dosage and which contain heavy metals in order
for the crop to be attractive for the consumers actually yields negative results.
Therefore, this study is important about examining the extent of heavy metal
phytotoxic effects related determining them on plants phenological development in
the point of morphologically and anatomically changes. The information given in
this study is valuable as it presents the negative molecular effect of heavy metal
pollution on the plant in terms of morphological and anatomical aspects. Further-
more, this study will guide the researchers on the effects of environmental pollution
in relation with the phenological development of economic plants and hence on
human health.

Heavy metal and nanoparticule-nanotube-induced plants must be evaluated in the
point of biochemistry and examined via scanning electron microscope (SEM) and
transmission electron microscope (TEM) regarding their root, stem, and leaf struc-
ture and apical tip, leaf-bud primordiums, and provascular tissue in detailed ways for
interdisciplinary studies according to plants’ phenological development progress.
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Chapter 2

Phenological Behaviour of Early 
Spring Flowering Trees
Herminia García-Mozo

Abstract

This chapter reports the phenological trends (reproductive and vegetative 
events) of some early spring and late winter flowering trees all around the world 
and especially Europe: Corylus avellana L. (hazel); Quercus robur L. (common 
oak); Quercus ilex subsp. ballota, (Desf.) Samp. (holm oak); Betula spp. (birch); 
Salix alba L. (willow); Fraxinus angustifolia Vahl. (ash); and Morus alba L. (white 
mulberry). They are deciduous and perennial trees growing in different climatic 
areas of Europe. They have anemophilous pollination liberating huge pollen 
concentrations to the atmosphere. Aerobiological surveys give us reproductive 
phenological information of these wind-pollinated species. The phenological 
response to climate during the last years was analysed, including budburst, leaf 
unfolding, flowering, fruit ripening, fruit harvesting, leaf colour change, and 
leaf fall. The response of each taxon to climate was different; most of the revised 
species and sites presented an advance of the early spring phenophases, espe-
cially budburst. On the contrary, some studies detected a delay in autumn vegeta-
tive phases, especially leaf fall events. The statistical analyses indicated that 
phenological advances are a consequence of the increasing temperature trend—
minimum temperature being one of the most influential factors. The increase of 
temperature influenced that leaf unfolding and flowering dates showed a general 
advance expressed by negative correlations with temperature data, whereas the 
leaf colour change and leaf- fall presented positive correlations due to the delay 
of the colder temperatures. The phenological revised results can be considered as 
reliable and valuable bio-indicators of the impact of the recent climate change in 
the Northern Hemisphere, and especially Central and Southern Europe.

Keywords: phenology, anemophilous trees, climate change,  
Corylus avellana L. (hazel), Quercus robur L. (common oak),  
Quercus ilex subsp. ballota, (Desf.) Samp. (holm oak), Betula spp. (birch),  
Salix alba L. (willow), Fraxinus angustifolia Vahl. (ash),  
Morus alba L. (white mulberry)

1. Phenology

Phenology is derived from the Greek word phaino, meaning ‘to show’ or ‘to appear’. 
This science studies the recurring biological events as part of the animal and plant life 
cycles. These events are the phenological stages or phenological phases. Phenology not 
only studies the timing but also their relationships with weather and climate [1].

Sprouting and flowering of plants in spring and leaves’ colour change in the fall 
are examples of plant phenological events [2].
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This science studies the recurring biological events as part of the animal and plant life 
cycles. These events are the phenological stages or phenological phases. Phenology not 
only studies the timing but also their relationships with weather and climate [1].

Sprouting and flowering of plants in spring and leaves’ colour change in the fall 
are examples of plant phenological events [2].
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Phenology has been used as a proxy for climate and weather through all the 
human history, particularly in relation with agriculture, but only from the last 
century has emerged as a science in its own right [1]. In last years it is being recog-
nized as an integrative measure of plant responses to the environment changes that 
can be scaled from a local to a global scale, including climate change. During the 
last 100 years, the Earth’s climate has warmed by approximately 0.6°C. In this last 
century, two main periods of warming have been detected. The first one was between 
1910 and 1945, and the second one from 1976 onward [3]. In this second period, the 
rate of warming is being doubled than in the first and greater than at any other time 
during the last 1000 years [3]. The response of the different ecosystems and species is 
not a global response to a global climate average [4]. To know the regional responses 
can be more relevant in the context of ecological response to climatic change. In this 
sense, phenological behaviour data are the more reliable actual bio-indicator of the 
climate change response. Moreover, sessile life-style characteristic of plants has led 
them to develop high plasticity phenotypes in order to reach better phenological 
adaptations to deal with environmental changes [5]. These changes include climate 
changes that are of critical ecological importance as they affect species competitive 
ability and net primary productivity. These changes can even prompt ecosystem 
structure transformations [6]. Therefore, the analysis of trends of spring phenologi-
cal phases for the past decades could provide important information about changes in 
climate and the impact on sessile organisms’ phenology such us plants and specially 
trees, with longer lifetimes and shorter capacity of area distribution change.

This study presents a review of recent studies on both vegetative and reproduc-
tive field phenological development of different tree species characterized by their 
foliation or flowering during early spring. The phenological response of different 
tree species in the North Hemisphere was reviewed: hazel (Corylus avellana L.), alder 
(Alnus glutinosa (L.) Gaertn), willow (Salix alba L.), birch (Betula pendula L.), holm 
oak (Quercus ilex subsp. ballota, (Desf.) Samp.) in South Europe and common oak 
(Quercus robur L.) in Central Europe, ash (Fraxinus angustifolia Vahl.), and white 
mulberry (Morus alba L.) [7]. All of them are anemophilous species producing high 
quantities of pollen grains spread to the atmosphere provoking allergy to the sensi-
tized population [8]. Their huge quantities of pollen grains are also a phenological 
bio-indicator detected through aerobiological studies [9], also revised for the present 
review. Their phenological behaviour during last 40 years and the impact of the cli-
mate change on it were analysed. Particularly remarkable is the fact that the revised 
species are important for aerobiology and allergy studies, and therefore the changes 
experimented on their phenology have a special interest. This review offers valuable 
information due to the scarce number of researches studying field phenological data 
including those from the last quarter of the twentieth century.

2. Climate change

Climate change due to human activities has been witnessed for at least the 
last 100 years and is projected to continue for centuries to come. Climate change 
involves the whole climate system, including not only our atmosphere but also our 
hydrosphere, cryosphere, land surface, and biosphere [10].

Greenhouse gases and atmospheric concentrations have exponentially increased 
since the start of the Industrial Era (1750). Moreover, from this time the CO2 
concentrations have increased by 41% mostly due to the global use of oil fuel [3]. 
The latest measures of the year 2013 of the National Oceanic and Atmospheric 
Administration reveal that global annual mean atmospheric CO2 concentration 
was 395.22 parts per million (ppm) [11], an increase of over 100 ppm from the 

29

Phenological Behaviour of Early Spring Flowering Trees
DOI: http://dx.doi.org/10.5772/intechopen.88259

pre-Industrial Era. Figure 1 shows that the increase in atmospheric CO2 concentra-
tion since 1750 has not been linear, being higher in the last 60 years [11].

This increase in the atmospheric concentration of greenhouse gases such as CO2 
has led to warm the climate. Between 1880 and 2012, the Earth’s average surface 
temperature warmed by 0.85°C [3]. Most of this warming occurred after 1951 [12]; 
the warming of the Earth’s surface varies over space, the land surfaces tending to 
warm more than the oceans; and some parts of the Earth’s surface temperatures 
have increased the double than other places. Changes in precipitation have also been 
observed. Since 1901, precipitation has increased over the mid-latitude land areas 
of the Northern Hemisphere, especially in intensity, with more frequent heavy rain 
episodes [12].

By the end of this century (2081–2100), global mean surface temperatures are 
projected to increase from 0.3°C to 4.8°C depending on the sites. The mean warm-
ing over land will be larger than over the ocean, and the Arctic region will warm 
more rapidly than the global mean [3]. With regard to precipitation, it is projected 
to increase by the end of this century [13]. However, there will be substantial spatial 
variation in precipitation changes, with some regions experiencing increases, some 
decreases, and some no change at all [13]. All these factors and the actual impact on 
phenology of early spring trees will be reviewed in the present chapter.

3. General phenological behaviour of all studied tree taxa

The revised species were selected because of their flowering time in early spring 
or late winter and because of their strong presence and distribution in Europe. They 
are anemophilous, deciduous, and perennial trees growing in different climatic 
areas of Europe: hazel (Corylus avellana L.) in Central and South Europe, oak (holm 
oak (Quercus ilex subsp. ballota, (Desf.) Samp.)) in Southern Europe, common 
oak (Quercus robur L.) in Central Europe, birch (Betula spp.) in Central and North 
Europe, willow (Salix alba L.) in Central and South Europe, ash (Fraxinus angusti-
folia Vahl.) in South Europe, and white mulberry (Morus alba L.) in South Europe 
[14]. All of them are endemic European species expect for white mulberry [7]. 

Figure 1. 
Monthly mean atmospheric carbon dioxide concentration from March 1958 to July 2015. Source: [11].
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Most of the revised species belong to the Fagales order, divided into the Betulaceae, 
Salicaceae, and Fagaceae families [14]. On the other hand, Fraxinus genus is in the 
Oleaceae family of the Lamiales order, and Morus in the Moraceae family of the 
Rosales order.

Fagales order comprises three families: Betulaceae, including the genera Betula 
(birch), Alnus (alder), and Corylus (hazel); Fagaceae, including the genera Quercus 
(oak) and Fagus (beech); and Salicaceace including the genus Salix (willow) [14]. 
These wind-pollinated trees have catkins, which dangle from the branch so that 
pollen is easily shaken loose in the wind. Interestingly, catkins in deciduous species 
emerge before the leaves, allowing the pollen to travel further away from the parent 
without the obstruction of foliage [15].

Birch is the major pollen allergen-producing tree in Northern Europe, although 
there are high levels of allergenic cross-reactivity between the representative plants 
of the genera of the order Fagales [16].

As it has been already mentioned, all the revised species are foliating or flower-
ing in early spring in Europe and North America; nevertheless, there are some 
specific characteristics for each one.

Hazel and alder are the first (December–April) to blossom and to shed pollen in 
the outdoor air in Europe, followed by birch. This fact joint to an allergenic cross-
reactivity between hazel and alder provokes that pollen from these species can act 
as a primer of allergic sensitization to Betulaceae pollen allergens. Consequently, 
clinical symptoms become more marked during the birch pollen season [17, 18]. In 
the central Alpine regions, the highest concentrations of Alnus pollen are found at 
the end of May and in early June [17].

In the case of Betula, the budburst occurs at March–April depending on the 
latitude and altitude. In South and Western Europe, the main flowering period 
usually starts at the end of March, whereas in Central and Eastern Europe, it occurs 
at early April. In northern areas the flowering season starts from late April to late 
May depending on the latitude [8]. Pollen values peak 1–3 weeks after the start of 
the season, so they are recorded in April in South Europe and in May in Northern 
Europe. Far shorter or longer periods, with yearly alternating low and high pollen 
production, have been observed in various European regions [17].

On the other hand, the onset of the oak season in spring, shortly before the beech 
pollen season, which is usually quite mild, can prolong the season in western, central, 
and eastern Europe [8]. One important characteristic of the oak pollen is the fact that 
it includes many species. In South Europe perennial species such as holm oak, kermes 
oak, and cork oak flower through all the spring from March to June [19]. In Central 
Europe, the pedunculate oak and the sessile oak usually flower in April–May [8].

Mulberry plants are normally dioecious, but they can also be monoecious on dif-
ferent branches of the same plant. The pendulous pistillate (female) and staminate 
(male) catkins are arranged on spikes and appear in April and May [20].

All the studied species have their main flowering season on early spring; nev-
ertheless the different phenological phases vary among species, sites, and years 
depending on the bioclimatic characteristics and fluctuations [8].

4. Allergenicity

Birch, followed by alder and hazel, has the greatest allergenic potency in this group 
of allergenic trees. In Central Europe, these tree pollens are the second most common 
cause of allergic conditions after grass pollen. In the case of birch, the major allergen 
is Bet v1, and the percentage of subjects with a positivity skin prick test to birch 
allergens ranges from 5% in the Netherlands to 54% in Zurich (Switzerland) [17, 21]. 
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In recent years, the popularity of Betula as an ornamental plant loved by architects has 
caused a significant increase in allergic sensitization to this allergen [22, 23]. In a large 
study of cross-sensitization between allergenic plants in adult patients with asthma or 
rhinitis, it was found that sensitization to birch pollen allergens was frequently associ-
ated with other allergens, that it induced mostly nasal symptoms, and that respiratory 
symptoms started at about 30 years of age [14].

Pollen from the common alder, major pollen allergen Aln g 1, is an important 
cause of pollen allergy. This pollen has similar physicochemical properties than the 
pollen of birch, hazel, hornbeam, and oak. The joint presence of these pollen grains 
in the atmosphere makes difficult to separate out their individual effects [24].

Hazel is well distributed in Europe, and it typically has a flowering occurring 
from winter to early spring. The major allergen is Cor a 1, cross reactive with Bet 
v1 [25]. In the case of Corylus pollen, a recent study performed in Poland revealed 
that ~11% of allergy patients had positive skin reactions to Corylus pollen allergens, 
and most of these (94.4%) reacted to pollen allergens from other members of the 
Betulaceae family—alder or birch [26].

Beech trees are related to oaks. These trees are considered as low allergenic [27]. 
The European beech sheds much more pollen than the American species, but both 
have been reported to have minor allergenic importance. Despite the large amounts of 
pollen grains detected in the European atmosphere, Quercus pollen, which is a steno-
palynous pollen type for all the genera, does not provoke actual allergy problems [8].

Although willows elicit strong allergic responses from individuals in allergy 
tests, willows tend to be pollinated more by insects than by wind and therefore 
present fewer people with the allergenic challenge than other tree types [28]. In 
fact, the impact of the increase in Salix atmospheric pollen upon asthma admissions 
is insignificant [29, 30].

Mulberry pollen grains cause allergenic symptoms such as rhinitis, conjunctivi-
tis, and asthma [31, 32]. A study from Tucson, Arizona, USA, concluded that it is 
an important allergen for children raised in a semiarid environment [33]. In other 
climate areas, Mulberry tree pollen has been revealed as an important aeroallergen. 
This is the case of the tropical area of Caracas, Venezuela [34], the Mediterranean 
area [35, 36], and the Atlantic temperate climate of Argentina [37].

The most important allergenic species revised here, birch, alder, and hazel, 
have their main pollen emission time mostly in early spring although the exact time 
depends on the response of these trees to climate [8].

5. Effects of climate changes on phenology of all tree taxa

Different phenological studies are showing a clear link between anthropogenic 
climate change, warming winter and spring temperatures, and changes in phenol-
ogy, especially earlier flowering times and late leaf fall in autumn [8, 10, 17, 18, 21]. 
This occurs in a wide variety of tree species including the early spring species that 
are analysed here (Table 1).

There is considerable variation in these studies that reflects the time examined 
and regional differences in temperature, etc.; however, for all tree species exam-
ined, flowering is now occurring, on average, approximately 2 weeks earlier than it 
did relative to the mid-twentieth-century temperature average [38–41].

Some studies have shown the impact of climate change on phenology and pollen 
and therefore on aeroallergens and allergic diseases describing the influence on 
the amount, distribution, allergenicity, and pollen season of pollen grains [8, 10, 
17, 18, 21]. A global comparative study of the International Phenological Gardens 
in Europe (covering 69–42°N to 10°W–27°E) of current data compared and early 
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1960s phenological data indicated the advance of spring events, such as flowering 
(+6 days), whereas autumn phenophases have been delayed by 4.8 days [42].

Speaking about early spring species, in the case of Corylus avellana, an ear-
lier flowering onset was observed at 80% of the studied localities of the Iberian 
Peninsula, earlier fruit ripening at all sampling sites, and earlier fruit harvesting at 
75% of them [43]. Salix alba presented a trend towards earlier budburst and earlier 
leaf unfolding at 67% of the studied Iberian localities. In the case of autumn phases, 
delay in leaf fall at all sampling sites [40]. Holm oak is suffering a strong advance 
in the flowering start, as it was previously indicated in the Iberian Peninsula [41]. 
Northern species such as birch, poplar, or willow are also showing the impact of 
climate change on phenology [38, 39].

As it was demonstrated by [41, 43] among others, the relationship between the 
phenological observations and weather is so clear for tree species and especially 
for early spring species. The statistical analyses show that in the 55% of the stud-
ied localities of the Iberian Peninsula, the temperature is influencing these trees’ 
phenology. In 58% of the sites affected by temperature, the correlation between 
phenology and minimum temperatures was negative, which is provoking an 
advance in phenology. The mean temperature results showed negative correlation in 
54% of the sites, although different behaviour was observed depending on species 
and phenophases.

On average, the length of the growing season in Europe increased by 
10–11 days during the last 30 years. Trends in pollen amount over the latter 
decades of the 1900s increased according to local rises in temperature [8, 44–46]. 
The increased CO2 concentration can be affecting pollen production as it has been 
demonstrated in experimental conditions [47, 48]. Regarding the pollen season 
length, it is also extending especially in late spring and summer flowering species 
[49]. Moreover, temperature is influencing towards stronger allergenicity in tree 
pollen [17, 50].

An earlier pollen season starts, and peak is being more pronounced in early 
spring flowering species [43]. Due to this earlier onset, the seasons are more often 
interrupted by adverse weather conditions in late winter/early spring [51].

Finally, changes in climate appear to have altered the spatial distribution of 
pollens. New patterns of atmospheric circulation over Europe might increase the 
number of long-distance transport episodes of allergenic pollen, increasing the 
risk of new sensitizations among the allergic population [52]. On the other hand, 
the temperature increases, and the changes in rainfall regime are provoking the 

Taxa Country Time period (a-b) Start (a) Start (b) Difference Reference

Fraxinus The Netherlands 1970–1990s 92 88 −3 [38]

Betula Belgium 1982–2000 102 84 −18* [39]

Betula Finland 1975–2004 130 118 −12* [40]

Betula The Netherlands 1970–1990s 106 94 −10* [38]

Betula Switzerland 1982–2000 105 85 −20* [39]

Quercus The Netherlands 1970–1990s 135 117 −18*** [38]

Quercus Spain 1970–1990s 89 78 −11 [41]

Corylus The Netherlands 1970–1990s 84 66 −18** [38]

Salix The Netherlands 1970–1990s 82 70 −12* [38]

Table 1. 
Statistically significant differences in start date between the start and the end of the time are indicated with 
*p < 0.05, **p < 0.01, and ***p < 0.001.
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geographical spread of some vegetal species to new areas. In the future the effect 
of the expected rate of warming (0.5°C per decade) could increase this geographi-
cal migration although the effect on pollen distribution is expected to be less 
pronounced than the effect of changes on land as well as international transport of 
plant species [53].

6. Conclusions

The review made about the recent response of the phenology of different species 
of anemophilous trees to climate change reveals that, apart from the field phenology 
data, aerobiological pollen data are a valuable tool to obtain reproductive phenologi-
cal information of wind-pollinated species.

The response to climate of each studied taxon was different; most of the revised 
species and sites presented an advance of the early spring phenophases, especially 
budburst. The statistical analyses of the revised studies indicate that phenological 
advances are a consequence of the increasing temperature trend—minimum temper-
ature being one of the most influential factors. The increase of temperature influ-
enced that leaf unfolding and flowering dates showed a general advance expressed 
by negative correlations with temperature data, whereas the leaf colour change and 
leaf- fall presented positive correlations due to the delay of the colder temperatures.

On the contrary, some studies detected a delay in the autumn vegetative phases, 
especially on leaf-fall events. Both, leaf colour change and leaf-fall events showed 
positive correlations with temperature due to the delay of the colder temperatures.

The phenological revised results can be considered as reliable and valuable bio-
indicators of the impact of the recent climate change in the Northern Hemisphere 
and especially in the Central and Southern Europe.

Acknowledgements

Author wishes to thank for their support to the projects FENOMED, 
REF. CGL2014-54731-R, funded by the Spanish Ministery of Economy and 
Competitiveness; and CLIMAQUER, REF. 1260464, European Regional 
Development Funds (ERDF).

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



Plant Communities and Their Environment

32
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risk of new sensitizations among the allergic population [52]. On the other hand, 
the temperature increases, and the changes in rainfall regime are provoking the 
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by negative correlations with temperature data, whereas the leaf colour change and 
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On the contrary, some studies detected a delay in the autumn vegetative phases, 
especially on leaf-fall events. Both, leaf colour change and leaf-fall events showed 
positive correlations with temperature due to the delay of the colder temperatures.

The phenological revised results can be considered as reliable and valuable bio-
indicators of the impact of the recent climate change in the Northern Hemisphere 
and especially in the Central and Southern Europe.
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Chapter 3

Phenological Plasticity of Wild 
and Cultivated Plants
Amber L. Hauvermale and Marwa N.M.E. Sanad

Abstract

The future survival of wild and cultivated plant species will depend on their 
ability to adapt to environmental changes caused by climate change. Phenological 
plasticity describes physiological, developmental, cellular, and epigenetic mecha-
nisms that contribute to genetic diversity and adaptability. Many studies evaluating 
plasticity using trees, cereals (barley, wheat, and rice), pulses, and weeds have 
discovered that plasticity mechanisms differ between wild and cultivated plant 
populations. Major findings indicated by these studies are: (1) invasiveness and 
adaptability in wild and/or “weedy” plant species may be controlled by specific 
plasticity genes, (2) adaptability is directly connected to adaptive responses and 
fitness, and (3) domestication and cultivation have altered plasticity mechanisms. 
Therefore, selective breeding requires a holistic understanding of plant plasticity. 
Breeding strategies should consider differences in plasticity mechanisms between 
wild and cultivated plant populations to reintroduce genetic diversity of plasticity 
from wild relatives.

Keywords: cellular plasticity, climate change, developmental plasticity,  
drought response, epigenetic plasticity, germination, hormone signaling, 
physiological plasticity, phenological plasticity, seed dormancy, selective breeding

1. Introduction

Global climate changes undoubtedly impact adaptability in plants by altering 
mechanisms of physiological plasticity [1]. Modifications in mechanism occur-
ring at the morphological, anatomical, and physiological level are regulated by 
the capacity of a plant to adjust to abiotic and biotic stresses [1–4]. The resulting 
survival response and survival capacity may vary depending on plant life stages 
[1–4]. Plasticity mechanisms discovered in plants are like those described in ani-
mals and humans, illustrating the conserved connection between environmental 
selection and adaptive response [2, 3, 5–11]. Research into the connection between 
environmental stress, environmental selection, and plant plasticity has also identi-
fied both general and unique plasticity mechanisms that differ between wild, i.e., 
non-cultivated, and cultivated plant species [1, 12–15]. However, a review analyz-
ing the contribution of key traits responsible for varied plasticity mechanisms in 
wild and cultivated plants has not occurred. Thus, the range of plasticity occurring 
in wild plants will be compared with plasticity mechanisms in cultivated plants. 
Similarities and differences in plasticity responses will be highlighted between the 
two groups, with a specific focus on climate imposed global abiotic stresses like 
drought [14].
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All plants have evolved unique life cycle characteristics that enhance survival 
and adaptation to diverse short and long-term climatic events that limit resources. 
Phenotypic responses occur at every stage of plant development, and influence 
overall plasticity from one generation to the next. Understanding and tracking 
phenotypic plasticity of wild plants in cultivated plants first requires defining 
biological reaction norms and their alternatives to clearly illustrate the differences 
between biological plasticity and non-plastic responses. Examples of phenotypic 
responses include: (1) rapid seedling growth (2) a short vegetative phase, (3) deep 
root systems, (4) high seed output, (5) discontinuous or extensive seed dormancy, 
(6) efficient cellular defense machinery, and (7) environmental plasticity. Although 
all plants exhibit phenotypic responses, the level of response is largely influenced by 
the degree of cultivation. Several species of trees and weeds are exceptional models 
for defining and tracking the range of both short and long-term heritable charac-
teristics of wild plasticity [1, 4, 12, 16–21]. Drought response studies in agronomi-
cally important, and highly cultivated crops like wheat, add perspective about the 
contributions of selective breeding programs; how increased cultivation results in 
gains or losses in adaptive responses and plasticity [7]. Transitional plant models, 
such as Chenopodium quinoa (quinoa) and Hordeum vulgare (barley) will be used to 
illustrate the evolutionary path from wild plasticity to cultivated plasticity.

2. Environmental changes impact phenotypic plasticity

Climatic events trigger heterogeneous responses in plants. Plant responses occur-
ring from biotic or abiotic factors drive two distinct adaptation mechanisms, natural 
selection and phenotypic plasticity. Both mechanisms reveal the full genetic capacity 
of plants [22, 23]. The genetic makeup or genotype of each plant species determines 
how a plant will react in new environments [24]. Accumulated exposure to novel 
environmental stresses over many generations may increase selection toward the 
frequency of favorable alleles versus a reduction of unfavorable alleles, and results 
in less genetic diversity [22]. Otherwise, in natural selection, any change in plant 
phenotype is defined as phenotypic plasticity [25]. Changes in phenotypic plasticity 
impact individual fitness without changing genetic diversity [22, 26]. Sometimes 
a novel genotypic response does not deviate from a normal range of reactions, i.e., 
the reaction norm, and sometimes it does [27]. Thus, plants have a wide array of 
genotypic responses that impact phenotype. Non-cultivated plant species like trees 
acquired wild plasticity through the combination of both the long-term accumulation 
of genetic changes and the conservation of favorable survival strategies through time 
[24]. Adaptive responses result in phenotypic plasticity [22, 26]. Adaptive responses 
also maximize phenotypic fitness, or the ability to respond and survive in chang-
ing environments [27]. Breeding programs have accelerated the adaptive process to 
abiotic stresses, like drought, in domesticated plant species by selecting for tolerance 
to drought or increased resource-use efficiency [28]. This approach has allowed 
breeders to select for favorable plant responses based on flexibility to varied environ-
mental changes. A broad understanding of wild plasticity in non-domesticated plant 
species will enhance and extend our current understanding of the range of plasticity 
mechanisms in cultivated plants [2, 3, 5–11].

3. The plasticity spectrum

All terrestrial plants are stationary and adjust phenotypic responses to survive 
in fluctuating environments [22, 26]. A wide spectrum of adaptive variation occurs 
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with a specific phenotypic response, and which is defined as phenotypic plastic-
ity [14]. Three recognizable outcomes associated with a phenotypic response, as 
illustrated in Figure 1, are: (1) a neutral response, (2) an adaptive response, or (3) a 
maladaptive response [13, 22, 27]. Each panel illustrates the relationship between a 
phenotypic response and a change in environment. Red, green, or blue colored lines 
represent different genotypes or individuals [13, 22, 27].

A neutral response occurs when there is no observable change in plant fit-
ness or plasticity after exposure to novel environmental stress (Figure 1a). 
Canalisation and developmental stability are components of neutral responses 
that create some confusion in understanding and mapping phenotypes [29]. 
Canalisation describes the occurrence of a constant phenotype in a given 
population that is not influenced by environmental or genetic regulation [29]. 
Developmental stability describes the degree to which organisms withstand 
environmental changes or genetic perturbations during development [29]. 
Canalisation measures gene rigidity or the resistance of genes to altered func-
tion during environmental changes [29, 30]. Canalisation is a useful measure of 
genetic robustness and is more frequently described than adaptive plasticity in 
plants [29, 30].

Adaptive responses occur in new environments and may or may not occur as 
a direct result of genetic variation [29]. Adaptive responses result in beneficial 
changes that maximize phenotypic fitness (Figure 1b–d) [27]. Not all phenotypic 
changes occur because of beneficial adaptive responses [27, 29, 30]. Individuals 
within a population may experience random passive phenotypic changes that are 
limited to specific phenotypic traits or that act more broadly impacting adaptive 
performance at all stages of plant development [29, 30]. Plasticity may be controlled 
by a single gene or many genes [31, 32]. The plasticity threshold of a plant is a func-
tion of individual, pleiotropic, and collective responses within a population. This 
mosaic of responses influences genotypic selection [33, 34].

Figure 1. 
Recognition of the different reaction norms. The three major responses; neutral, adaptive, and maladaptive, 
which occur within the plasticity spectrum [13, 22, 27, 34, 35]. A neutral response (a). An adaptive response 
without genetic variation (b), or with genetic variation (c, d). A non-plastic or maladaptive response (e). All 
three phenotypic responses occurring simultaneously (f).
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Not all adaptive strategies are beneficial for plants and often result in decreased 
fitness or yield [35]. A maladaptive response describes a phenomenon which 
reflects the absence of plasticity (Figure 1e) [34]. Maladaptive responses are not 
easy to distinguish from neutral responses because the average response of the 
population may mask any decline in response by individuals within the population 
over a long period of time [35]. Maladaptive responses are often misinterpreted as 
adaptive responses and difficult to study genetically [34, 35].

All phenotypic responses, neutral, positive, and negative, may occur simul-
taneously within an individual or across a population (Figure 1f) [13]. Changes 
in plasticity may be measured by examining the relationship between a specific 
genotype (G) in a specific environment (E) [13]. A genotype-by-environment 
(GXE) study tracks genetic plasticity and is a powerful tool for targeted genotypic 
selection [13, 33, 34].

4. Characteristics of wild plasticity: examples in trees and weeds

Phenotypic plasticity, especially within wild plant populations, is a mecha-
nism that enhances plant invasion and survival [12]. The invasiveness of a plant 
species is influenced by many phenotypic characteristics and responses [12]. 
The three major phenotypic characteristics that impact plasticity in wild plant 
populations are plant development, plant morphology, and plant physiology 
(Figure 2) [36]. Phenotypic responses associated with each characteristic occur 
at every stage of plant development, influencing the overall plasticity from 
generation to generation (Figure 2). Common phenotypic responses known to 
be associated with plant development, plant morphology, and plant physiology 
include: (1) rapid seedling growth allowing maximum capture of light, water, 
and nutrients [37–41], (2) a short vegetative phase allowing life cycle completion 
in various growing seasons and conditions [42–47], (3) deep root systems allow-
ing plants to survive through drought conditions [47, 48], (4) high seed output 
ensuring spatial and temporal dispersal, (5) discontinuous or extensive seed dor-
mancy ensuring germination only in favorable conditions [49–51], (6) efficient 

Figure 2. 
The key characteristics and responses of wild plant plasticity including plant development (green), plant 
morphology (yellow), and plant physiology (blue) [1, 13, 36–53].
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cellular machinery for scavenging reactive oxygen species (ROS) [52, 53],  
and (7) environmental plasticity, or the ability to respond to changing biotic or 
abiotic environmental factors [1, 13].

Phenotypic plasticity was first described for non-cultivated plants species 
including trees and weeds [1, 4, 12, 17–20, 54]. Trees are excellent models for study-
ing phenotypic plasticity due to their longevity [12]. Trees have developed a diverse 
set of plasticity mechanisms that are specific for both short and long development 
programs occurring in different developmental tissues at the same time [12]. 
Simultaneous root and leaf canopy development are an example of parallel pro-
graming [12, 54]. Phenotypic plasticity in trees occurs through a diverse collection 
of physiological, anatomical, and morphological responses [12, 54]. Many studies 
exploring global warming have investigated the possibility of using physiological or 
morphological indicators of beneficial adaptive responses as predictors of species 
survival [1]. Adaptive mechanisms in trees, as well as other plants, are important 
for mitigating the stress that is associated with fluctuations in native environments 
or, after new colonization, for rapid adaptation to novel environments [54–57]. 
Studies investigating drought stress in trees have shown that by reducing the leaf 
canopy and increasing root proliferation, trees become more drought tolerant 
because both phenotypic responses limit water loss [58]. The occurrence of phe-
notypic responses occurring in parallel suggests that there may be a coordinated 
regulation of these traits [59, 60]. Other traits indicative of drought responses and 
plasticity in trees include leaf area, leaf dry mass, leaf mass per area (LMA), leaf 
tissue density, net photosynthesis, stomatal conductance, leaf respiration, water 
use efficiency, leaf water potential at midday, total chlorophyll content, relative 
water content, gross photosynthesis, leaf transpiration, and the ratio between leaf 
respiration and net photosynthesis [58]. Drought avoidance may also be viewed as 
a strategy for drought tolerance by altering the timing of growth and reproduction 
[14]. By maximizing the adaptive response of traits related to drought response, the 
overall fitness of an existing population of trees has the potential to adapt to a new 
environment [58]. However, if a given climatic event exceeds the limit of  
adaptive capacity, the same population of trees may also be replaced by a new, more 
adapted species [14].

Plasticity in weeds, as with trees, is governed by adaptive responses that 
impact physiology, morphology, and anatomy [36]. However, unlike trees, many 
weed species have relatively short life spans and must make rapid and frequent 
adjustments to environmental changes to ensure survival [16]. In addition to the 
wild characteristics for plasticity listed above, other characteristics in weeds that 
demonstrate enhanced phenotypic plasticity include: discontinuous or extensive 
seed dormancy ensuring germination only in favorable conditions, indeterminant 
or simultaneous flowering and vegetative growth, self-compatibility allowing 
genetic divergence from previous generations without requiring special pollinators 
to ensure seed viability, long-distance seed dispersal by air or water; competition 
with crop plants resulting in reduced crop yield, sexual and asexual reproduction 
strategies; and allelopathy, or the ability to produce chemicals that retard or kill 
other plants (Figure 2) [16, 36, 61]. Adaptive responses in weeds occur through-
out development [16, 36]. Sometimes adaptive responses are more apparent in 
plant architecture than in signaling responses, are more pronounced at certain 
developmental stages or in specific populations, or involve the same tissue types 
during different developmental phases [1, 16, 36, 61]. The invasiveness of weeds is 
thought to be associated with several phenotypic plasticity traits including plant 
height, flower development, flowering, and light quality, [62, 63]. A direct corre-
lation between plant height and invasiveness remains unclear. However, there may 
be an association between tall plant phenotypes, increased phenotypic diversity, 



Plant Communities and Their Environment

42

Not all adaptive strategies are beneficial for plants and often result in decreased 
fitness or yield [35]. A maladaptive response describes a phenomenon which 
reflects the absence of plasticity (Figure 1e) [34]. Maladaptive responses are not 
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All phenotypic responses, neutral, positive, and negative, may occur simul-
taneously within an individual or across a population (Figure 1f) [13]. Changes 
in plasticity may be measured by examining the relationship between a specific 
genotype (G) in a specific environment (E) [13]. A genotype-by-environment 
(GXE) study tracks genetic plasticity and is a powerful tool for targeted genotypic 
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The three major phenotypic characteristics that impact plasticity in wild plant 
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Figure 2. 
The key characteristics and responses of wild plant plasticity including plant development (green), plant 
morphology (yellow), and plant physiology (blue) [1, 13, 36–53].
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cellular machinery for scavenging reactive oxygen species (ROS) [52, 53],  
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weed species have relatively short life spans and must make rapid and frequent 
adjustments to environmental changes to ensure survival [16]. In addition to the 
wild characteristics for plasticity listed above, other characteristics in weeds that 
demonstrate enhanced phenotypic plasticity include: discontinuous or extensive 
seed dormancy ensuring germination only in favorable conditions, indeterminant 
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genetic divergence from previous generations without requiring special pollinators 
to ensure seed viability, long-distance seed dispersal by air or water; competition 
with crop plants resulting in reduced crop yield, sexual and asexual reproduction 
strategies; and allelopathy, or the ability to produce chemicals that retard or kill 
other plants (Figure 2) [16, 36, 61]. Adaptive responses in weeds occur through-
out development [16, 36]. Sometimes adaptive responses are more apparent in 
plant architecture than in signaling responses, are more pronounced at certain 
developmental stages or in specific populations, or involve the same tissue types 
during different developmental phases [1, 16, 36, 61]. The invasiveness of weeds is 
thought to be associated with several phenotypic plasticity traits including plant 
height, flower development, flowering, and light quality, [62, 63]. A direct corre-
lation between plant height and invasiveness remains unclear. However, there may 
be an association between tall plant phenotypes, increased phenotypic diversity, 
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and higher plant abundance in unfavorable environments [63]. Associations 
have not been observed with flowering phenology among native and non-native 
plant populations, but this may be because flowering time is dependent on the 
environment [62–64]. Flower development and invasiveness in Purple loosestrife 
(Lythrum salicaria) demonstrate that both anther and stigma respond to changes 
in soil moisture during either of vegetative and reproductive development [65]. 
Tufted knotweed (Polygonum cespitosum) has been enhanced through adaptive 
responses to drought and high temperature without any observable decrease in fit-
ness when grown in the shade [66]. Narrow-leaf plantain (Plantago lanceolata) is 
very sensitive to changes in light quality and modulates seed germination and leaf 
size as a mechanism for shade avoidance [67]. It is also the case in this weed species 
that leaf size and germination patterns share common physiological mechanisms 
where the short leaf phenotype is more plastic than the long leaf phenotype in 
shady conditions [20]. This discovery illustrates that wild plasticity is a dynamic 
network of processes that work synergistically to enhance the likelihood of sur-
vival [20]. Both trees and weeds demonstrate how, through the process of natural 
selection, non-cultivated plants have adopted very different and dynamic strate-
gies that ensure reproduction and survival [1, 4, 12, 16–21, 24].

5. Genetic regulation of plasticity

There is not enough data about the genes, promoters, and regulatory elements that 
control “invasive” or “weedy” phenotypes commonly observed in wild plant popula-
tions. However, the phenotypes provide key insights into potential gene families 
and signaling pathways. Adaptive phenotypes also provide evidence that plasticity 
responses are controlled genetically and by specific plasticity genes [6]. The accu-
mulation of genetic modifications associated with adaptive responses can be tracked 
through time and are genetically controlled [6]. Two models have been proposed 
to explore how changes in adaptive response occur. The first model proposes that 
the expression of structural genes varies as the environment changes [68]. Genetic 
plasticity is not regulated by plasticity genes, rather by changes in gene expression 
of structural genes resulting in phenotypic changes or plasticity [68]. The second 
model proposes that specific regulatory genes, i.e., plasticity genes mediate responses 
for structural genes [69, 70]. The resulting change in expression of the regulatory 
genes in response to environmental changes is what ultimately controls the pattern of 
plasticity [69, 70].

6. Plasticity mechanisms

There are four primary mechanisms in wild plant populations that regulate 
plasticity through adaptive responses [6]. The four plasticity mechanisms are 
physiological, developmental, cellular, and epigenetic responses [6]. Physiological 
plasticity describes all physiological responses associated with phenotypic traits and 
signaling networks [40, 71]. Developmental plasticity is associated with human or 
animal neural developmental, and plant embryonic development, in response to 
stress [6, 40]. Cellular plasticity describes adaptive responses within cells that are 
often associated with reducing reactive oxygen species accumulation through redox 
mechanisms [72]. Epigenetic plasticity describes changes to molecular mechanisms 
in response to abiotic stresses resulting in altered gene expression and function 
without changes in the DNA [71].
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6.1 Physiological plasticity

Physiological plasticity is the most dynamic of plasticity mechanisms and is 
often involved in all other mechanisms of plasticity [40, 71]. Novel and emerging 
environments trigger many physiological responses such as carbon dioxide (CO2) 
assimilation, changes in chlorophyll content, water use efficiency, sugar sensing 
and photosynthesis [73]. Physiological changes correlate directly to plant fitness, 
and changes in plasticity determine how a plant responds to environmental stresses 
[73, 74]. Studying the association between a physiological phenotype and changes 
in gene expression within wild populations will make it is possible to identify and 
target genes that are responsible for adaptive responses, i.e., plasticity genes  
[24, 73, 74]. In this way plasticity genes and gene variants become a selective tool 
for understanding plasticity heritability dynamics, as well as identifying positively 
adapted populations [24, 73–75].

Seed dormancy is an excellent example of physiological plasticity [73, 74] Seed 
dormancy prevents germination out of season, even under favorable conditions, 
and ensures species survival of natural catastrophes [16, 76]. Environmental cues 
such as light, temperature, and moisture impact the depth of seed dormancy and 
the length of time required for dormancy release [76]. In weeds, discontinuous or 
extensive seed dormancy ensures germination only in favorable conditions and 
confers environmental plasticity, or the ability to respond to changing biotic or 
abiotic environmental factors [16].

Discontinuous or extensive seed dormancy impacts environmental plastic-
ity through variable emergence timing throughout a growing season [76]. 
Discontinuous seed dormancy is likely a major “weedy” characteristic contributing 
to physiological plasticity in many wild plants and weed populations [76]. Downy 
brome (Bromus tectorum L.) is an invasive grass weed in both natural and agri-
cultural environments which produces seeds with discontinuous seed dormancy 
[77–80]. New downy brome seedlings have the capacity to emerge in any season; 
early and late in the fall, before and after cool season crops or native grasses emerge, 
and even in the spring [80]. Differences in emergence timing in downy brome may 
be due to differences in dormancy status and may occur because of phenotypic and 
genotypic variation within a single population cluster, the presence of multiple 
population clusters within a single location, and the viability of seed in the seed 
bank [80]. The successful invasion of wild plant populations is measured by the 
number of individuals in a population, reproductive output, the range of habitats 
occupied, and the ability for survival and adapt in new environments through time 
[16]. Therefore, downy brome is an excellent example of a model colonizing species 
as it allocates most of the developmental time to seed production [16]. Downy 
brome increases the chances for survival of future generations, by maximizing 
contributions to seed banks [76]. Physiological plasticity mechanisms like prolific 
seed production, discontinuous seed dormancy, and variable germination in weeds 
increase the likelihood of outcompeting wild and cultivated plant species in native 
and non-native environments [76].

There is currently very little information about the specific genes or molecular 
mechanisms regulating dormancy or dormancy loss in many weeds or wild plant 
species [77]. Gaps in molecular information slow the progress for understanding 
the impact of wild plasticity on adaptability [1, 16]. However, detailed physiological 
observations and translational research are useful tools. These are powerful tools 
for studying the mechanisms that drive physiological plasticity in the seed and 
throughout all plant life stages, in natural and agricultural environments, and in 
both wild and cultivated plant populations [1, 16, 82–86].
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and higher plant abundance in unfavorable environments [63]. Associations 
have not been observed with flowering phenology among native and non-native 
plant populations, but this may be because flowering time is dependent on the 
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ness when grown in the shade [66]. Narrow-leaf plantain (Plantago lanceolata) is 
very sensitive to changes in light quality and modulates seed germination and leaf 
size as a mechanism for shade avoidance [67]. It is also the case in this weed species 
that leaf size and germination patterns share common physiological mechanisms 
where the short leaf phenotype is more plastic than the long leaf phenotype in 
shady conditions [20]. This discovery illustrates that wild plasticity is a dynamic 
network of processes that work synergistically to enhance the likelihood of sur-
vival [20]. Both trees and weeds demonstrate how, through the process of natural 
selection, non-cultivated plants have adopted very different and dynamic strate-
gies that ensure reproduction and survival [1, 4, 12, 16–21, 24].

5. Genetic regulation of plasticity

There is not enough data about the genes, promoters, and regulatory elements that 
control “invasive” or “weedy” phenotypes commonly observed in wild plant popula-
tions. However, the phenotypes provide key insights into potential gene families 
and signaling pathways. Adaptive phenotypes also provide evidence that plasticity 
responses are controlled genetically and by specific plasticity genes [6]. The accu-
mulation of genetic modifications associated with adaptive responses can be tracked 
through time and are genetically controlled [6]. Two models have been proposed 
to explore how changes in adaptive response occur. The first model proposes that 
the expression of structural genes varies as the environment changes [68]. Genetic 
plasticity is not regulated by plasticity genes, rather by changes in gene expression 
of structural genes resulting in phenotypic changes or plasticity [68]. The second 
model proposes that specific regulatory genes, i.e., plasticity genes mediate responses 
for structural genes [69, 70]. The resulting change in expression of the regulatory 
genes in response to environmental changes is what ultimately controls the pattern of 
plasticity [69, 70].

6. Plasticity mechanisms

There are four primary mechanisms in wild plant populations that regulate 
plasticity through adaptive responses [6]. The four plasticity mechanisms are 
physiological, developmental, cellular, and epigenetic responses [6]. Physiological 
plasticity describes all physiological responses associated with phenotypic traits and 
signaling networks [40, 71]. Developmental plasticity is associated with human or 
animal neural developmental, and plant embryonic development, in response to 
stress [6, 40]. Cellular plasticity describes adaptive responses within cells that are 
often associated with reducing reactive oxygen species accumulation through redox 
mechanisms [72]. Epigenetic plasticity describes changes to molecular mechanisms 
in response to abiotic stresses resulting in altered gene expression and function 
without changes in the DNA [71].
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Physiological plasticity is the most dynamic of plasticity mechanisms and is 
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environments trigger many physiological responses such as carbon dioxide (CO2) 
assimilation, changes in chlorophyll content, water use efficiency, sugar sensing 
and photosynthesis [73]. Physiological changes correlate directly to plant fitness, 
and changes in plasticity determine how a plant responds to environmental stresses 
[73, 74]. Studying the association between a physiological phenotype and changes 
in gene expression within wild populations will make it is possible to identify and 
target genes that are responsible for adaptive responses, i.e., plasticity genes  
[24, 73, 74]. In this way plasticity genes and gene variants become a selective tool 
for understanding plasticity heritability dynamics, as well as identifying positively 
adapted populations [24, 73–75].

Seed dormancy is an excellent example of physiological plasticity [73, 74] Seed 
dormancy prevents germination out of season, even under favorable conditions, 
and ensures species survival of natural catastrophes [16, 76]. Environmental cues 
such as light, temperature, and moisture impact the depth of seed dormancy and 
the length of time required for dormancy release [76]. In weeds, discontinuous or 
extensive seed dormancy ensures germination only in favorable conditions and 
confers environmental plasticity, or the ability to respond to changing biotic or 
abiotic environmental factors [16].

Discontinuous or extensive seed dormancy impacts environmental plastic-
ity through variable emergence timing throughout a growing season [76]. 
Discontinuous seed dormancy is likely a major “weedy” characteristic contributing 
to physiological plasticity in many wild plants and weed populations [76]. Downy 
brome (Bromus tectorum L.) is an invasive grass weed in both natural and agri-
cultural environments which produces seeds with discontinuous seed dormancy 
[77–80]. New downy brome seedlings have the capacity to emerge in any season; 
early and late in the fall, before and after cool season crops or native grasses emerge, 
and even in the spring [80]. Differences in emergence timing in downy brome may 
be due to differences in dormancy status and may occur because of phenotypic and 
genotypic variation within a single population cluster, the presence of multiple 
population clusters within a single location, and the viability of seed in the seed 
bank [80]. The successful invasion of wild plant populations is measured by the 
number of individuals in a population, reproductive output, the range of habitats 
occupied, and the ability for survival and adapt in new environments through time 
[16]. Therefore, downy brome is an excellent example of a model colonizing species 
as it allocates most of the developmental time to seed production [16]. Downy 
brome increases the chances for survival of future generations, by maximizing 
contributions to seed banks [76]. Physiological plasticity mechanisms like prolific 
seed production, discontinuous seed dormancy, and variable germination in weeds 
increase the likelihood of outcompeting wild and cultivated plant species in native 
and non-native environments [76].

There is currently very little information about the specific genes or molecular 
mechanisms regulating dormancy or dormancy loss in many weeds or wild plant 
species [77]. Gaps in molecular information slow the progress for understanding 
the impact of wild plasticity on adaptability [1, 16]. However, detailed physiological 
observations and translational research are useful tools. These are powerful tools 
for studying the mechanisms that drive physiological plasticity in the seed and 
throughout all plant life stages, in natural and agricultural environments, and in 
both wild and cultivated plant populations [1, 16, 82–86].
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Basic research has established that a seed’s transition from dormancy to ger-
mination is controlled by the plant hormones, abscisic acid (ABA) and gibberellin 
(GA) [81, 82]. ABA establishes seed dormancy during embryo maturation and 
maintains dormancy in mature seeds, whereas GA stimulates seed germination 
[34, 36]. Dormancy studies in model systems including Arabidopsis thaliana, 
Brachypodium distachyon, Hordeum vulgare, and Triticum aestivum draw a clear con-
nection between ABA, GA signaling mechanisms, seed dormancy and dormancy 
loss [81–84]. These studies also provide a framework for comparing the similarities, 
differences of mechanisms regulating physiological plasticity, and the degree of 
conservation within wild plant populations [50, 76, 83–100]. Carefully document-
ing development from seedling to seed in wild plant populations including weeds, 
provides a wealth of information about phenotypic plasticity in varied environ-
ments, and demonstrates the value in using wild species as models for understand-
ing the full capacity of phenotypic plasticity in nature [85].

6.2 Developmental plasticity

Developmental plasticity was first identified in, and is most often associated 
with, human and animal development [40]. Developmental plasticity refers to the 
impact of environmental stimuli on embryonic development [6]. Within the plant 
biology community, there remains some skepticism surrounding the existence of 
plant developmental plasticity mechanisms, and how to best identify and charac-
terize them [5–7]. Despite these challenges, recent paradigm shifts in conventional 
thought have resulted in significant efforts toward studying the impact of develop-
mental plasticity in cultivated plant species [5–7, 40, 72].

Developmental plasticity directly impacts phenotypic plasticity and is character-
ized using GXE experiments that investigate the interactions of genotype in a given 
environment [7, 101–104]. Developmental plasticity occurs commonly within plant 
populations when a given population inhabits moderate environments [2, 18]. Abiotic 
stresses, like drought, trigger physiological and developmental plasticity in plants [7]. 
The degree of developmental plasticity observed in plants resulting from abiotic stress 
is directly connected to a plant’s development phase [7]. Some phases of development 
are more responsive to environmental changes and display a more plastic response 
than others [7]. It was found in spring wheat that the early developmental stages til-
lering and heading (after spike formation) show more morphological and physiologi-
cal plasticity than other developmental phases [7]. Cold tolerance in quinoa is also 
based on developmental plasticity, and associated with grain formation [105, 106]. 
Flowering time is another trait associated with developmental plasticity across plant 
species [6]. A shift in flowering time in response to drought allows for accelerated 
seed set, thus ensuring species survival, even in non-ideal growing conditions [6].

6.3 Cellular plasticity

Plant cellular plasticity allows cells to respond to the negative impacts of biotic 
and abiotic stresses. Cellular plasticity occurs through long-range signaling via 
hydraulic, electrical, and chemical signaling mechanisms [107]. One example of 
chemical signaling directly connected with plant cellular plasticity occurs when 
plants experience oxidative stress. Environmental stresses stimulate the production 
of toxic chemicals known as reactive oxygen species (ROS) [108]. The function of 
scavenging enzymes is to quench the flux of ROS [108–114]. When ROS levels are 
elevated due to environmental stress, the activity of scavenging enzymes, including 
ascorbate peroxidase, superoxide dismutase (SOD), and catalase (CAT) increases 
[108–114].
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Cellular plasticity is a very dynamic process whereby ROS scavengers are acting 
simultaneously in different cellular compartments including the cell wall membrane, 
cytoplasm, chloroplast, mitochondria, peroxisomes, and the apoplast [115–117]. 
The peroxisomes are the most important indicators of environmental stress, ROS-
scavenger activity, and cellular plasticity [115]. Peroxisomes proliferate in response 
to an array of environmental stresses including light, ozone, metal, and salt [119]. 
Peroxisome number may fluctuate depending on cultivar or genotype [118–122]. An 
emerging hypothesis about cellular plasticity is that relative peroxisome abundance 
may be a good predictor for cellular plasticity mechanisms [123, 124]. Peroxisomal 
proliferation occurs because of environmental stress, and, any change in a pheno-
logical trait occurring from a change in environment is defined as cellular plastic-
ity [123, 124]. Investigations of peroxisome proliferation in response to drought 
tolerance demonstrate that peroxisome abundance is correlated with abiotic stress 
response and impacts GXE interactions [123, 124]. A negative correlation also exists 
between peroxisome abundance and several phenological traits including plant bio-
mass, root dry weight, and grain yield [123, 124]. Therefore, peroxisome abundance 
is an emerging tool for measuring cellular plasticity mechanisms of adaptation, and 
ROS homeostasis [123, 124].

6.4 Epigenetic plasticity

Plasticity responses exist as both the inherent genetic machinery (past regulatory 
events), and as part of regulation occurring outside of the genetic code (epigeneti-
cally) [71]. Epigenetic mechanisms include DNA methylation, non-coding RNA, 
chromatin remodeling, and histone modifications [71]. Changes in the environment 
trigger heritable changes in gene expression which result in stable phenotypes [71]. 
DNA methylation is the most common, and perhaps best understood mechanisms 
controlling epigenetic plasticity in plants [71]. Studies using Arabidopsis epigenetic 
recombinant inbred lines (epiRILS), i.e., lines with nearly identical genomes but 
contrasting DNA methylation patterns, demonstrated that plasticity to water avail-
ability and nutrient loss is controlled through changes in DNA methylation [80]. 
Epigenetic changes rather than genetic changes contribute to changes impacting phe-
notypic plasticity [71]. Other research has demonstrated that epigenetic regulation 
impacts heritability in specific phenological traits like plant height, plant biomass, 
seed/fruit production, the root-to-shoot ratio, and flowering time [71, 125–127]. 
Heritable traits are very important in breeding programs, and the role of epigenetics 
in regulating these traits is now only being characterized and understood [128].

7. The path to domestication: learning from transitional models

Decreased genetic diversity in plants populations is often associated with 
increased cultivation [7, 129]. Less cultivated plant populations tend to have more 
genetic diversity or “wildness” than plants that have been domesticated [129]. 
Wild characteristics broaden genetic responses and are valuable for maintaining 
phenotypic plasticity [129–131]. Leveraging broad genetic responses to enhance 
plasticity is especially important for the survival of plant species in unpredictable 
and changing climates [74, 75].

Since the dawn of agriculture, farmers have used selective breeding techniques 
for cultivating and domesticating wild plants for food [132]. Seeds from wild plant 
populations are smaller, an adaptation thought to enhance dispersal [132]. From an 
agricultural perspective, increased domestication is useful for reliable germination, 
uniform emergence, uniform stand establishment, larger seed size, increased yield, 
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Basic research has established that a seed’s transition from dormancy to ger-
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conservation within wild plant populations [50, 76, 83–100]. Carefully document-
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populations when a given population inhabits moderate environments [2, 18]. Abiotic 
stresses, like drought, trigger physiological and developmental plasticity in plants [7]. 
The degree of developmental plasticity observed in plants resulting from abiotic stress 
is directly connected to a plant’s development phase [7]. Some phases of development 
are more responsive to environmental changes and display a more plastic response 
than others [7]. It was found in spring wheat that the early developmental stages til-
lering and heading (after spike formation) show more morphological and physiologi-
cal plasticity than other developmental phases [7]. Cold tolerance in quinoa is also 
based on developmental plasticity, and associated with grain formation [105, 106]. 
Flowering time is another trait associated with developmental plasticity across plant 
species [6]. A shift in flowering time in response to drought allows for accelerated 
seed set, thus ensuring species survival, even in non-ideal growing conditions [6].

6.3 Cellular plasticity

Plant cellular plasticity allows cells to respond to the negative impacts of biotic 
and abiotic stresses. Cellular plasticity occurs through long-range signaling via 
hydraulic, electrical, and chemical signaling mechanisms [107]. One example of 
chemical signaling directly connected with plant cellular plasticity occurs when 
plants experience oxidative stress. Environmental stresses stimulate the production 
of toxic chemicals known as reactive oxygen species (ROS) [108]. The function of 
scavenging enzymes is to quench the flux of ROS [108–114]. When ROS levels are 
elevated due to environmental stress, the activity of scavenging enzymes, including 
ascorbate peroxidase, superoxide dismutase (SOD), and catalase (CAT) increases 
[108–114].
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proliferation occurs because of environmental stress, and, any change in a pheno-
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events), and as part of regulation occurring outside of the genetic code (epigeneti-
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impacts heritability in specific phenological traits like plant height, plant biomass, 
seed/fruit production, the root-to-shoot ratio, and flowering time [71, 125–127]. 
Heritable traits are very important in breeding programs, and the role of epigenetics 
in regulating these traits is now only being characterized and understood [128].

7. The path to domestication: learning from transitional models

Decreased genetic diversity in plants populations is often associated with 
increased cultivation [7, 129]. Less cultivated plant populations tend to have more 
genetic diversity or “wildness” than plants that have been domesticated [129]. 
Wild characteristics broaden genetic responses and are valuable for maintaining 
phenotypic plasticity [129–131]. Leveraging broad genetic responses to enhance 
plasticity is especially important for the survival of plant species in unpredictable 
and changing climates [74, 75].

Since the dawn of agriculture, farmers have used selective breeding techniques 
for cultivating and domesticating wild plants for food [132]. Seeds from wild plant 
populations are smaller, an adaptation thought to enhance dispersal [132]. From an 
agricultural perspective, increased domestication is useful for reliable germination, 
uniform emergence, uniform stand establishment, larger seed size, increased yield, 
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and improved nutrition [132]. Domestication of wild maize, soybean, and barley has 
resulted in significant increases in seed size [86]. However, there has also been a nega-
tive cost associated with domestication [86]. In maize, soybean, and rice, domestica-
tion and intensive cultivation have resulted in the elimination of genetic loci in modern 
crop cultivars [86, 133–136]. Breeding strategies that do not address adaptation and 
plasticity decrease trait diversity and may limit the development of new crop varieties 
with the ability to adapt to insects and extreme environmental fluctuations [133–136].

A reduction in heritability of favorable traits within breeding populations has been 
one of the main reasons plant breeders have explored the possibility of integrating 
genetic diversity from wild populations (landraces) back into selective breeding pro-
grams [133–137]. Two wild plant models that have been very instrumental in the effort 
to introduce diversity back into breeding population are: (1) barley (Hordeum vulgare); 
a standard model for monocots, and (2) quinoa (Chenopodium quinoa Wild); a model 
for dicots [137–145]. These two models are very powerful because they highlight a 
clear transition from wild populations to domesticated cultivars. They also provide 
tools for understanding plasticity by comparing characteristics that have remained 
constant, changed, or been lost through a history of domestication [137–145].

Barley was domesticated very early in history from the wild grass relative, 
Hordeum spontaneum [137]. Barley, along with einkorn (T. monococcum, genomes 
AmAm) and emmer (T. turgidum ssp. dicoccoides, genomes BBAA), marked the 
beginning of domestication in cereals [137]. Barley is often used as a model to 
improve crops like wheat (Triticum aestivum) [138]. Barley demonstrates a wide 
range of plasticity including superior growth in nutrient-limited environments, and 
adapted root architecture [139, 140]. Although there are evolutionary similarities 
between barley and other monocots like wheat, the orthologous genomic regions 
between the two species have a completely diverged [141–143]. However, genomic 
similarities between barley and wheat have enriched the comparative studies of 
plasticity and provide new information about horizontal gene transfer [141–143].

Quinoa, like barley, was recognized as a valuable food resource, and was domes-
ticated very long ago [144]. Although quinoa has been highly domesticated, it 
retains vast genetic variability and plasticity with a wide range of resistance to many 
abiotic and biotic stresses [144, 145]. Quinoa thrives in extreme environmental con-
ditions including in regions with high salinity soils, areas of extremely low precipi-
tation, and environments with extremely cold temperatures [105, 146]. Moreover, 
quinoa grain is resistant to starch degradation in environments susceptible to 
extreme temperature and moisture fluctuations [147]. The differences in plasticity 
discovered between wild and domesticated quinoa species illustrate the importance 
of continued studies identifying physiological and genetic mechanisms regulating 
plasticity [147]. These discoveries also highlight the feasibility and importance of 
selectively breeding for gene targets that improve adaptability and fitness [133–136]. 
Additionally, because quinoa is a polyploid, it is a rich resource for studying how 
complex genomes contribute new dimensions of genetic regulation to phenological 
plasticity [147]. Recent studies investigating modern cultivated varieties of quinoa 
show that cellular plasticity mechanisms, and more specifically ROS homeostasis, 
are dependent on both genotype and type of stress [123]. The emerging discoveries 
in quinoa are important because they provide a model for how plasticity mecha-
nisms present in other polyploid crop species may be regulated [123].

8. Discussion

The discovery and utilization of improved traits that enhance the adaptability 
of crops to increasingly variable environments will help to ensure long-term crop 
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stability in changing climates [74, 128, 129]. Knowledge of phenological plasticity 
in wild populations will continue to benefit breeding programs [28]. Although wild 
genomes increase genetic complexity and may impact plasticity and fitness in unpre-
dictable ways through changes in development, morphology, or physiology, one of 
the discovered benefits of increased diversity is increased adaptability [71, 129]. 
Over the last decade, advancements in genetics, molecular biology, systems biol-
ogy, and statistical modeling have removed many of the barriers for understanding 
the regulation of complex plasticity networks in plants [13]. Association mapping, 
next generation sequencing, and genotype-by-phenotype (GWAS) approaches have 
greatly improved our comprehensive understanding of plasticity and the impacts 
of genomic selection [141–143]. Additionally, translational approaches utilizing a 
wealth of genomic information from both model plant systems and non-domesticated 
relatives have provided a framework for parallel studies in a wide range of plant 
populations.  These studies have helped to uncover the developmental, cellular, and 
epigenetic mechanisms that regulate plasticity in all plants [6, 13, 71, 74, 142, 143].

9. Conclusions

One of the benefits of increasing genetic diversity in domesticated populations, 
from a long-term agricultural perspective, is the increased likelihood of plant 
population survival in unpredictable environments. In the past, evaluating the con-
tributions of specific traits on phenological plasticity in plants was challenging due 
to experimental limitations and gaps in knowledge. However, emerging research 
continues to be extended from model systems directly to wild and cultivated plant 
populations to uncover the full potential of plasticity. New areas of research will 
need to investigate plasticity using a systems biology approach. Work should con-
tinue to explore the degree of conservation of plasticity existing between monocots 
and dicot crops, as well as comparing the contributions of ploidy on diversity. Other 
areas of research should address how DNA methylation and epigenetic mechanisms 
contribute to plant plasticity and may be fully utilized in plant improvement 
programs. Additional work should focus on how the simultaneous deployment of 
multiple plasticity mechanisms during plant developmental shift in changing envi-
ronments using newly identified plasticity markers like the peroxisomes. Continued 
plasticity research will be is critical for understanding how to maximize the benefits 
of both domestication and wild genetic diversity to maximize adaptation and fit-
ness in a new area of climate diversity.
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and improved nutrition [132]. Domestication of wild maize, soybean, and barley has 
resulted in significant increases in seed size [86]. However, there has also been a nega-
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improve crops like wheat (Triticum aestivum) [138]. Barley demonstrates a wide 
range of plasticity including superior growth in nutrient-limited environments, and 
adapted root architecture [139, 140]. Although there are evolutionary similarities 
between barley and other monocots like wheat, the orthologous genomic regions 
between the two species have a completely diverged [141–143]. However, genomic 
similarities between barley and wheat have enriched the comparative studies of 
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ticated very long ago [144]. Although quinoa has been highly domesticated, it 
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ditions including in regions with high salinity soils, areas of extremely low precipi-
tation, and environments with extremely cold temperatures [105, 146]. Moreover, 
quinoa grain is resistant to starch degradation in environments susceptible to 
extreme temperature and moisture fluctuations [147]. The differences in plasticity 
discovered between wild and domesticated quinoa species illustrate the importance 
of continued studies identifying physiological and genetic mechanisms regulating 
plasticity [147]. These discoveries also highlight the feasibility and importance of 
selectively breeding for gene targets that improve adaptability and fitness [133–136]. 
Additionally, because quinoa is a polyploid, it is a rich resource for studying how 
complex genomes contribute new dimensions of genetic regulation to phenological 
plasticity [147]. Recent studies investigating modern cultivated varieties of quinoa 
show that cellular plasticity mechanisms, and more specifically ROS homeostasis, 
are dependent on both genotype and type of stress [123]. The emerging discoveries 
in quinoa are important because they provide a model for how plasticity mecha-
nisms present in other polyploid crop species may be regulated [123].

8. Discussion

The discovery and utilization of improved traits that enhance the adaptability 
of crops to increasingly variable environments will help to ensure long-term crop 
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stability in changing climates [74, 128, 129]. Knowledge of phenological plasticity 
in wild populations will continue to benefit breeding programs [28]. Although wild 
genomes increase genetic complexity and may impact plasticity and fitness in unpre-
dictable ways through changes in development, morphology, or physiology, one of 
the discovered benefits of increased diversity is increased adaptability [71, 129]. 
Over the last decade, advancements in genetics, molecular biology, systems biol-
ogy, and statistical modeling have removed many of the barriers for understanding 
the regulation of complex plasticity networks in plants [13]. Association mapping, 
next generation sequencing, and genotype-by-phenotype (GWAS) approaches have 
greatly improved our comprehensive understanding of plasticity and the impacts 
of genomic selection [141–143]. Additionally, translational approaches utilizing a 
wealth of genomic information from both model plant systems and non-domesticated 
relatives have provided a framework for parallel studies in a wide range of plant 
populations.  These studies have helped to uncover the developmental, cellular, and 
epigenetic mechanisms that regulate plasticity in all plants [6, 13, 71, 74, 142, 143].

9. Conclusions

One of the benefits of increasing genetic diversity in domesticated populations, 
from a long-term agricultural perspective, is the increased likelihood of plant 
population survival in unpredictable environments. In the past, evaluating the con-
tributions of specific traits on phenological plasticity in plants was challenging due 
to experimental limitations and gaps in knowledge. However, emerging research 
continues to be extended from model systems directly to wild and cultivated plant 
populations to uncover the full potential of plasticity. New areas of research will 
need to investigate plasticity using a systems biology approach. Work should con-
tinue to explore the degree of conservation of plasticity existing between monocots 
and dicot crops, as well as comparing the contributions of ploidy on diversity. Other 
areas of research should address how DNA methylation and epigenetic mechanisms 
contribute to plant plasticity and may be fully utilized in plant improvement 
programs. Additional work should focus on how the simultaneous deployment of 
multiple plasticity mechanisms during plant developmental shift in changing envi-
ronments using newly identified plasticity markers like the peroxisomes. Continued 
plasticity research will be is critical for understanding how to maximize the benefits 
of both domestication and wild genetic diversity to maximize adaptation and fit-
ness in a new area of climate diversity.
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Chapter 4

Vegetation Dynamics. Natural 
versus Cultural and the 
Regeneration Potential. The 
Example of Sahara-Sahel
Erhard Schulz, Aboubacar Adamou, Sani Ibrahim, 
Issa Ousseini and Ludger Herrmann

Abstract

There is a principal and controversial debate on the so-called ‘Greening-
Regreening’ of the Sahel. There still is the old philosophy of an expanding/shrinking 
ecosystem Sahara versus Sahel. In some concepts, it is presented as annual. Another 
concept is based on a general degradation of the Sahelian savannas – in some cases 
with a decline to a lower state of ecological equilibrium after a short period of 
resilience. Anyhow, there are also signs of still ongoing regeneration processes of 
vegetation and soil. The main problem, however, lies in the principal lack of terres-
trial observation and in the confusion of terms. This mostly concern on vegetation 
units and their dynamics. The goal of this article is to explain the general nature of 
the Sahara and the Sahel based on maps and graphs. We try to analyse the dynamics 
of boundaries during the last 200 years. The main results are the tripartite nature 
of the Sahara, divided into semidesert, desert and Saharan savanna with relatively 
stable boundaries. A reconstruction of the vegetation for the last 200 years con-
firmed the position of these borderlines even under different states of the plant 
cover. It also revealed the nature of Sahelian savannas as cultural landscapes – in 
higher diversity and density. It is also possible that the North Sahelian savannas had 
been for long times under the dynamics of elephant landscapes. A high-resolution 
sediment and pollen record from the Middle Sahel of Niger evidenced the high 
diversity and resilience up to the severe drought of the 1970s. It was a definite stroke 
from which these savannas never reached again their former diversity despite a slide 
recovery named ‘Regreening’. The various projects for regeneration or conserva-
tion in Sahara or Sahel differ in two types of projects. The one is the installation of 
Nature Reserves/National Parks with special reserves for emblematic animals as 
keystone organisms and an auto-regeneration of vegetation and soil. The other type 
consists of pasture rotation projects such as in the Malian Gourma or in the Central 
Air Mts. The first initiative resulted in the decade-long protection against the severe 
degradations, which were typical for the surrounding regions. The rotation system 
was based on timewise open wells and of observed pasture status. It was conceived 
together with the local populations and has been respected until the invasion of 
northern cattle keepers during the peak of drought in 1984. After severe quarrels, 
the system collapsed and the savannas degraded heavily. A comparable project 
worked in the central Air Mts. for 5 years. Remarkable results have been, but the 
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rebellion of the 1990s, put a sudden end on it. The general insecurity of the last 
decades caused by civil war and/or various terrrorist groups led to a re-evaluation 
of a great number of regeneration initiatives including the pharaonic ‘Great Green 
Wall’, a continent wide forest belt. However, smaller projects on the village level 
may better develop as they are under the responsability of local population, which 
can reactivate their long experience. The ‘regreening’ might be restricted to the 
region of the southern Sahara and the northern Sahel as well as to the traditional 
park systems. Anyhow, even if a long-time amelioration of production systems will 
happen, the former must be regarded on the background of a rapidly increasing 
demography.

Keywords: Sahara, Sahel, vegetation, landscape types, present situation, historical 
development, stability of limits, cultural, landscapes, degradation, regeneration 
potential

1. Introduction

In the last years, a ‘Greening’ or ‘Regreening’ of the Sahel was a most disputed 
topic. It mutated to a general discussion of regeneration potential of the ecosystems 
and the possibilities to find production modes for the necessary food production. 
Moreover, conservation and nature protection were discussed and great projects 
were initiated [1–13].

On the other side, the general political insecurity of the last 15 years supressed 
fieldwork and made an end to several initiatives. Many of the conservation projects 
are now classified as ‘in suspense.’ This stands especially for the big National Natural 
Parks in the Sahara of Niger and Chad [14–16] and more or less for the ‘Great Green 
Wall’ too [17, 18].

Thus, the reasoning on degradation or regeneration is often based on pure 
remote sensing without the necessary ground check or field work. In addition, for 
the case of Sahara-Sahel-complex, there is still a deep confusion on the nature and 
dynamics of ecosystems and landscapes as well as on their definitions. Limits and 
boundaries seem to be free floating – sometimes on an annual scale.

On this background, we will characterise the main ecosystems – landscapes 
of Sahara-Sahel by a general vegetation map in order to avoid further confusions. 
This should also work as a base to interpret palaeorecords. Furtheron, we will try 
to reconstruct the landscape evolution during the last 200 years. Finally, we will 
discuss the chances of measures of regeneration and conservation.

2. The ‘bandoneon desert’. Concepts and nature of the Sahara

It is fascinating to see that the old concept of an extension of one large ecosystem 
on the cost of another – here the advancing/encroaching desert into the savannas 
is still taken as valid. The alarm of Stebbing [19] of an advancing desert in the 
Niger-Nigeria border region was rapidly disproved by a common French-English – 
Forester expedition [20]. More than half a century later, Tucker et al. [21] presented 
the model of an expanding and retracting Sahara, which he considered as desert for 
the whole in the scale of years. Their conclusions were based on interpreted vegeta-
tion changes with help of satellite images; however, without any differentiation 
between permanent and short-time plant cover. Another less meaningful approach 
was presented by Thomas and Nigaru [22], who claimed a 10% expansion of the 
Sahara/desert since 1920 both to the North and to the South. The authors based 
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their conclusion on changes in precipitation as they defined ecosystems/landscapes 
exclusively by mean annual precipitation.

Thus, we have to deal with a variety of methods and concepts in the analysis 
of landscapes/ecosystems in northern and western Africa. We take the term ‘land-
scape’ we take in a broad sense as a characteristic part of the earth’s surface, which 
is defined by various features such as vegetation, relief or the intensive human 
impact, which developed in time, and which is visibly different from neighbouring 
regions.

A. Field observation and subsequent definition of landscape – or vegetation 
types. This was the procedure at the beginning of the twentieth century in the 
aftermath of the colonisation with Chevalier [23] as an example.

B. The characterisation of recognised landscapes and definition of leading 
features of their vegetation or geomorphology.

C. A difference in the concept of consistent or transition zones. ‘Sahara’ as the 
transition from the Mediterranean to the ‘Sahel’ [24] or the ‘Sahel’ as transition 
from the ‘Sahara’ to the (real) savannas [25].

D. Reduction of landscapes/ecosystem (and climate too) to a single feature such 
as rainfall. It is the main cause of confusion on the dynamics of the large 
ecosystems in northern and western Africa [26].

E. A main problem is the emotional component in the term ‘desert’, which 
impedes often a neutral recognition. Mostly, the terms ‘Sahara’ and ‘desert’ are 
used as synonyms – see [24].

Thus, it is necessary to explain clearly the terms in order to avoid confusion and to 
define them from direct observation in the field – or at least from clear descriptions.

3. What are we talking about?

A vegetation map of northern and western Africa was established in order 
to explain clearly the large vegetation types and their repartition. It is based on 
direct observation during several expeditions (see the small included map) and on 
published vegetation maps [27]. It deals with the physiognomic units such as forest, 
shrub-land or grass-land and gives the main floristic components. There is no dif-
ferentiation between natural formation, near to nature formation or cultural units; 
however, their dynamics are shortly discussed. Here, we will concentrate on the 
South-Mediterranean steppe, on the Sahara and on the Sahel to give a background 
to the discussion about limits, their dynamics and their regeneration potential. 
Block diagrams and designs will support it. Thus, we will try to avoid the various 
confusions on terms such as ‘steppe or prairie’. The map is to document visible units 
and their limits and to work as a modern model when reconstructing the past. The 
question of limits might be regarded as an academic one. However, it is an assess-
ment of resource areas-mainly of pasture.

3.1 The southernmost formation of the Mediterranean realm is the ‘steppe’

The term ‘steppe’ is freely used in literature – comparable to the term ‘savanna’. 
For both the statement of Cole [28] is still valid: ‘Most discussed and least 
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of landscapes/ecosystems in northern and western Africa. We take the term ‘land-
scape’ we take in a broad sense as a characteristic part of the earth’s surface, which 
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impact, which developed in time, and which is visibly different from neighbouring 
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features of their vegetation or geomorphology.
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transition from the Mediterranean to the ‘Sahel’ [24] or the ‘Sahel’ as transition 
from the ‘Sahara’ to the (real) savannas [25].

D. Reduction of landscapes/ecosystem (and climate too) to a single feature such 
as rainfall. It is the main cause of confusion on the dynamics of the large 
ecosystems in northern and western Africa [26].

E. A main problem is the emotional component in the term ‘desert’, which 
impedes often a neutral recognition. Mostly, the terms ‘Sahara’ and ‘desert’ are 
used as synonyms – see [24].

Thus, it is necessary to explain clearly the terms in order to avoid confusion and to 
define them from direct observation in the field – or at least from clear descriptions.

3. What are we talking about?

A vegetation map of northern and western Africa was established in order 
to explain clearly the large vegetation types and their repartition. It is based on 
direct observation during several expeditions (see the small included map) and on 
published vegetation maps [27]. It deals with the physiognomic units such as forest, 
shrub-land or grass-land and gives the main floristic components. There is no dif-
ferentiation between natural formation, near to nature formation or cultural units; 
however, their dynamics are shortly discussed. Here, we will concentrate on the 
South-Mediterranean steppe, on the Sahara and on the Sahel to give a background 
to the discussion about limits, their dynamics and their regeneration potential. 
Block diagrams and designs will support it. Thus, we will try to avoid the various 
confusions on terms such as ‘steppe or prairie’. The map is to document visible units 
and their limits and to work as a modern model when reconstructing the past. The 
question of limits might be regarded as an academic one. However, it is an assess-
ment of resource areas-mainly of pasture.

3.1 The southernmost formation of the Mediterranean realm is the ‘steppe’

The term ‘steppe’ is freely used in literature – comparable to the term ‘savanna’. 
For both the statement of Cole [28] is still valid: ‘Most discussed and least 
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understood’ (see Figure 1 nr. 10 and 2). Thus, ‘steppe’ is rarely referred to the origi-
nal definition as a tussock-grassland of the genus Stipa under continental winter 
cold conditions [29, 30]. In this area, it is mainly characterised by Stipa tenacissima 
and Lygeum spartium on fine-grained substrates such as loess. It stretches over the 
plateaus of the Atlas Mts., and it is severely exploited for pasture, agriculture or 
paper production.

Figure 1. 
Schematic presents vegetation map of northern and western Africa. Also shown are the national parks-
national reserves in the Sahara of Niger and Chad and the location of the planned ‘Great Green Wall’. From 
[27], modified and enlarged.
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To the North, the steppe interfingers with Mediterranean Rosmarinus-Juniperus 
formations and a clear limit is hardly visible. However, at the southern part of the 
Sahara-Atlas, it ends with the loess cover. But there is an outpost of steppe on the 
loess plateaus of the Dahar Mts. in southeast Tunisia.

This follows the basic ‘law of relative constancy’ [30]. It means that plants or ani-
mals change the type of their habitat in the border region of their main area in order to 
guarantee the basic needs of the respective organism. Finally, it fits well to the original 
definition as a grassland under continental and wintercold conditions (Figures 2, 3).

4. The landscape system of the Sahara

Descriptions and characterisations of the Sahara are manyfold, see [31, 32]. 
Mostly it is taken as the greatest desert on earth with an extension of about 2000 
× 5000 km. The area is structured by a system of wide basins and ridges often 
topped by mountains of more than 4000 m. Climatically, it is characterised by the 

Figure 2. 
Aspects of the steppe (cf. Figure 1, 10). (A) Block diagram of Djebel Chaambi in Central Tunisia. In the 
upper part, the southernmost stand of Quercus-forests, in the lower part the Juniperus-Rosmarinus-shrubs 
and on the plain the Stipa-Lygeum Artemisia-steppe. (B) Djebel Dahar, Southeast Tunisia. The southernmost 
outpost of steppe on the loess plateaus. (C) Aspects of the Stipa-Lygeum-steppe near Kasserine, Central 
Tunisia. Drawing Schulz.

Figure 3. 
Aspects of the semidesert. (A) Acacia-Rhantherium-stands in the Bou Hedma, southern Tunisia. (B) 
Rhantherium-semidesert South of Remada, southern Tunisia. (C) The southern limit of semi desert with 
Calligonum-Ephedra at 30°N, South of El Golea, Algeria. Drawing Schulz.
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interaction of the Westafrican monsoon and the tradewinds – see below. However, 
the most important feature is the general lack of water – a fact, which all living 
organisms have to cope with.

For a useful partition of the Saharan area, we need criteria, which are applicable to 
the whole area. Moreover, they must summarise the ecological effects of the respective 
region and in principle it must be visible and recognisable even in a reduced form, 
and it is not useful to choose volatile elements. In that way, the vegetation is the most 
appropriate way to characterise the whole region and to divide it in several parts. Thus, 
it has an indicator function. On a second level, the plant cover shall be described by its 
floristic content. In addition, the plant cover can be understood from detailed descrip-
tions – even by non-specialists. And we should not forget that vegetation is the most 
important resource for various organisms. In that way, we will describe and divide the 
Sahara in units, which are easy to recognise – also from ancient descriptions.

Sahara est. omnis divisa in partes tres.......

4.1 The semidesert

South of Atlas Mts. there is a double change in landscape. It is from grassland 
(steppe) to shrub land and from the Mediterranean realm to the Saharan one (see 
Figure 1, 11–15). Vegetation is still diffuse, but rarely exceeds 30% of soil cover, 
and the greater part of biomass is below the surface. Saharan floristic elements 
like Fagonia arabica, Rhantherium suaveolens, Gymnocarpus decander or Stipagrostis 
pungens on dunes dominate in the small- or dwarf shrub lands. It is the northern 
part of the Saharan landscapes – the semidesert.

The authors [33–37] claimed that the double stress by frost and drought impedes 
a tree development. However, the double strategy of life in the Sahara is already vis-
ible. Only a restricted number of organisms are equipped against drought and frost. 
On the other hand, there is the strategy of mass and accident. Aleatoric rainfall 
may activate the seed bank of herbs and grasses. These therophytes must fulfil their 
lifecycle in the short time of limited rainfall.

These accidental floras are an important resource for nomadic animal keeping.
Anyway, we must not forget that Acacia raddiana-stands still exist in southern 

Tunisia (Dj. Bou Hedma) or in southwestern Morocco. Perhaps, future records will 
convince us to rethink the dynamic of the northern Sahara [38–42].

The southern limit of semidesert is easy to recognise. Around 30°N (31° N in 
the East or along the Atlantic coast of Morocco), it changes from diffuse stands 
of Calligonum or Ephedra to another mode, (conracted or linear) of the Acacia-
Panicum-type. This characterises the change from semidesert to desert.

4.2 The desert

The desert is extremely difficult to define because of the emotional component of 
the term (see Figure 1, 16-19, Figures 4, 5). Here, we follow the definition of Monod 
[44]. He stressed the difference of diffuse modes of semidesert or savanna to the con-
tracted one – the desert. The desert is the region where permanent life is only possible 
in favourable places such as wadis (dry valleys) or depressions where groundwater 
and run off are available. Thus, permanent vegetation is contracted or linear.

It follows the oasis system, as few places, where the basic needs are guaranteed. 
There are several modes to cope with the scarce water resources such as the Acacia-
strategy. Aleatoric rainfalls may induce germination of the seeds – perhaps already 
prepared by the intestines of animals. After germination, all resources are mobilised 
to develop a tap root to reach ground water. In that case, the plant gets independent 
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from climate. However, there is the other strategy of life – that of achabs, already 
discussed in regard to the semidesert. The seed bank rapidly reacts on aleatoric 
rainfalls with a short time-flora. It may be the case once in 3 years or several times 
a year. There are also wild cereals as part of the achabs – an important resource for 
human food (see Figure 4C).

The contracted vegetation, mainly of the Acacia-Panicum- (tree-tussock grass) 
type, is typical for the wadis of mountain areas and their forelands (see Figure 1, 16, 
17). Large wadis in the forelands – especially in the Southwest of Adrar des Iforas 
and Air Mts. might touch for a short distance but they separate afterwards. In that 
way the impression of a diffuse plant cover may exist. It is perfectly demonstrated by 
Voss et al. [45, 46] for the western forelands of the Adrar des Iforas in northern Mali.

4.3 Altitudinal change

As in other regions, the plant cover changes with altitude in the Sahara 
(see Figure 1, 12, 22, Figures 5, 6). There is an altitudinal change of vegetation 
in the High Mts. of the Sahara (Figure 5). In the Ahaggar Mts/South Algeria, the 
characteristic Acacia-Panicum vegetation of the desert wadis changes from about 
2000 m into a diffuse Artemisia-shrub vegetation-a semidesert of a Mediterranean 
affiliation. In small gorges, some tree groups of Olea lapperinii or Pistacia atlantica 
exist. The Tibesti Mts. show similar features, however, on the highest peaks, some 
stands of Erica arborea survived (Figure 7). This is the Mediterranean type of 
altitudinal change [48].

The Air Mountains are different. Above 1800 m the contracted Acacia-Panicum-
plant cover changes to a diffuse Acacia-Commiphora-Rhus-savanna (savanna seen 
as a tree grass – vegetation under a tropical climate). Thus, it is a Sahelian type of 
altitudinal change. Figure 6 gives a general overview of the Air Mts. (A) with the 
locations of the change to High-Mts.-savannas and the upper catchment of the wadi 
Anou Mekkerene (Figure 8 see below, see also [49]).

Figure 4. 
Aspects of the desert. (A) Contracted vegetation in the Wadi Achelouma, northeastern Niger. (B) Achab in the 
Ténéré, northern Niger. (C) Wild cereal fields in the southwestern foreland of the Air Mts., N-Niger. From [27] 
modified.

Figure 5. 
The modes of altitudinal change in the Sahara. (A) From desert to semidesert (Ahaggar/Algeria and Tibesti/
Chad) (B) From desert to savannah (Air Mts./Niger). From [43], modified.
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17). Large wadis in the forelands – especially in the Southwest of Adrar des Iforas 
and Air Mts. might touch for a short distance but they separate afterwards. In that 
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Figure 4. 
Aspects of the desert. (A) Contracted vegetation in the Wadi Achelouma, northeastern Niger. (B) Achab in the 
Ténéré, northern Niger. (C) Wild cereal fields in the southwestern foreland of the Air Mts., N-Niger. From [27] 
modified.

Figure 5. 
The modes of altitudinal change in the Sahara. (A) From desert to semidesert (Ahaggar/Algeria and Tibesti/
Chad) (B) From desert to savannah (Air Mts./Niger). From [43], modified.
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4.4 The southern limit of the Sahara

In the southern forelands of the Air Mts. around 16°N/16°30′N, the aspect 
changes again in two steps. The first step is visible by a diffuse Maerua crassifolia-
Acacia ehrenbergiana-savanna on the fissured sandstone-plateaus of Tigidit and 
also Agadem-Homodji in Southeast Niger (see Figure 1, 21). These savannas 
depend on the cistern effects of the fissures, which collect and hold water from 
runoff and dew [27]. On the plains, however, one observes a densification of the 
tree lines and the transition into a savanna of the same elements within a short 
distance (see Figure 1, 20).

Figure 6. 
Vegetation of the Air Mts./Niger and the limits of the desert as an example for the southern Sahara. Also shown 
are Upper Wadi Anou Mekkerene (A, see also Figure 8) and the Air-Ténéré-National Park (B) with its 
Addax sanctuary (C). From [47], modified.

Figure 7. 
The southern limit of the desert and the Saharan savanna. (A) The passage from desert to (Saharan) savanna 
at the Tigidit escarpment, northern Niger. (B) The change from the linear desert vegetation to the savanna a 
the Belgaschifari well NE-Niger. (C) The general aspect of the Saharan Acacia-Panicum savanna. From [13], 
modified and complemented.
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Thus, there is the definite transition from the desert to savanna within the 
Saharan realm. Similar features are confirmed for northern Mauretania and Mali [50, 
51]. In northern Chad, this transition is modified by substrata [52]. Large inundation 
plains are quasi devoid of plants, which appear only on sand ridges. On the sandy 
plains at about 16°N, the change into a tree-tussock grass savannah occurs similarly as 
it is the case for Niger. Akthar-Schuster [53] reports a comparable transition belt for 
the northern Sudan too. This boundary is the most disputed limit between landscape 
zones, as it caused the misunderstanding of degradation-desertification, etc.

Finally, the Sahara is a tripartite landscape system, where the desert takes the 
greatest part but has its borders to the semidesert in the North and the savanna in 
the South. Thus, the main change in the landscape system, that of desert to savan-
nah, takes place within the Saharan realm.

…. quarum unam dominat semideserta, aliam deserta et tertiam savanna saharica.

4.5 The climatic implications

At this point of description, we should also deal with climatic conditions. In the 
aftermath of Dubief [54], the main boundaries are often paralleled to - or defined 
by mean annual precipitation. However, there are also dew, runoff and especially 
the access to groundwater which determines plants and vegetation. So, various 
components are summed up. Note, that two main systems interact: the summer 
rains of the monsoon and the Mediterranean winter rains and trade winds. We also 
have to consider the aleatoric rainfalls during the whole year derived from monsoon 
or cold airdrops from the North. They are responsible for achabs and the short time 
floras demonstrate their existence. The northern boundary of the Sahara is usually 
assigned to an annual precipitation of about 100 mm – mainly in winter. More to the 

Figure 8. 
Wadi Anou Mekkerene and the Agalak-Aroyane Mts. of the central Air Mts. The area of the Guide pasture 
reserve is indicated. The difference of the diffuse mountainous savannas and the linear desert vegetation is clearly 
visible as well as the densification of the alluvial vegetation following down the wadis. From [43], modified.



Plant Communities and Their Environment

70

4.4 The southern limit of the Sahara

In the southern forelands of the Air Mts. around 16°N/16°30′N, the aspect 
changes again in two steps. The first step is visible by a diffuse Maerua crassifolia-
Acacia ehrenbergiana-savanna on the fissured sandstone-plateaus of Tigidit and 
also Agadem-Homodji in Southeast Niger (see Figure 1, 21). These savannas 
depend on the cistern effects of the fissures, which collect and hold water from 
runoff and dew [27]. On the plains, however, one observes a densification of the 
tree lines and the transition into a savanna of the same elements within a short 
distance (see Figure 1, 20).

Figure 6. 
Vegetation of the Air Mts./Niger and the limits of the desert as an example for the southern Sahara. Also shown 
are Upper Wadi Anou Mekkerene (A, see also Figure 8) and the Air-Ténéré-National Park (B) with its 
Addax sanctuary (C). From [47], modified.

Figure 7. 
The southern limit of the desert and the Saharan savanna. (A) The passage from desert to (Saharan) savanna 
at the Tigidit escarpment, northern Niger. (B) The change from the linear desert vegetation to the savanna a 
the Belgaschifari well NE-Niger. (C) The general aspect of the Saharan Acacia-Panicum savanna. From [13], 
modified and complemented.

71

Vegetation Dynamics. Natural versus Cultural and the Regeneration Potential. The Example…
DOI: http://dx.doi.org/10.5772/intechopen.87030

Thus, there is the definite transition from the desert to savanna within the 
Saharan realm. Similar features are confirmed for northern Mauretania and Mali [50, 
51]. In northern Chad, this transition is modified by substrata [52]. Large inundation 
plains are quasi devoid of plants, which appear only on sand ridges. On the sandy 
plains at about 16°N, the change into a tree-tussock grass savannah occurs similarly as 
it is the case for Niger. Akthar-Schuster [53] reports a comparable transition belt for 
the northern Sudan too. This boundary is the most disputed limit between landscape 
zones, as it caused the misunderstanding of degradation-desertification, etc.

Finally, the Sahara is a tripartite landscape system, where the desert takes the 
greatest part but has its borders to the semidesert in the North and the savanna in 
the South. Thus, the main change in the landscape system, that of desert to savan-
nah, takes place within the Saharan realm.

…. quarum unam dominat semideserta, aliam deserta et tertiam savanna saharica.

4.5 The climatic implications

At this point of description, we should also deal with climatic conditions. In the 
aftermath of Dubief [54], the main boundaries are often paralleled to - or defined 
by mean annual precipitation. However, there are also dew, runoff and especially 
the access to groundwater which determines plants and vegetation. So, various 
components are summed up. Note, that two main systems interact: the summer 
rains of the monsoon and the Mediterranean winter rains and trade winds. We also 
have to consider the aleatoric rainfalls during the whole year derived from monsoon 
or cold airdrops from the North. They are responsible for achabs and the short time 
floras demonstrate their existence. The northern boundary of the Sahara is usually 
assigned to an annual precipitation of about 100 mm – mainly in winter. More to the 

Figure 8. 
Wadi Anou Mekkerene and the Agalak-Aroyane Mts. of the central Air Mts. The area of the Guide pasture 
reserve is indicated. The difference of the diffuse mountainous savannas and the linear desert vegetation is clearly 
visible as well as the densification of the alluvial vegetation following down the wadis. From [43], modified.



Plant Communities and Their Environment

72

centre of the Sahara mean values are fictional. Rainfall becomes aleatoric and acci-
dent is the main component in the ecosystem. The southern limit of the semidesert 
may be attributed to about 50 mm/y and the southern border of the desert within 
the Sahara is more or less parallel to 150 mm/y of summer rain. As mentioned 
above, both limits largely depend on the combination of rainfall, runoff, dew and 
storage of humidity in soil. Anyhow, these clear boundaries are among the few pure 
climatic ones. They are visible across the whole continent.

4.6 Life strategies

As mentioned above, there are two basic strategies to cope with the uncertain 
resources. These are the ‘achab-strategy,’ to answer with a mass of unprotected 
organisms to aleatoric resources – here rainfall. They fulfil their life cycle with 
these limited resources before returning back to the dormant state in the seeds. The 
‘Acacia-strategy’ includes the use of tap-and flat roots and vegetative/generative 
propagation. Useful rainfall is exploited by the germinating of seeds. The saplings 
grow in the first years below the surface and develop taproots until they reach a 
groundwater lens or horizon. Afterwards, they grow above the surface, develop 
lateral roots and are more or less independent from the actual climate.

4.7 Differences in concepts and analyses/interpretations

Different concepts may produce different interpretations. The vegetation map 
(Figure 1) differs in several points from the concepts of other colleagues especially 
in type and position of the southern boundary of the Sahara. We do not follow the 
interpretation given by Medail-Quezel [24] or White [55] for the North-extensions 
of the Sahel in the southwester forelands of the Adrar des Iforas (N-Mali) and of the 
Air Mts. (Niger) as well as for the southern half of the Air Mts. [56].

The forelands are not seen as part of the Sahel but as regions of enlarged wadis 
see [45, 46]. The Air Mts. are considered as Saharan desert-mountains with a 
Sahelian altitudinal change – as for example, the Ahaggar Mts. or the Tibesti, which 
do not belong to the Mediterranean out of their high altitude vegetation. White [54] 
takes the northernmost savannas as part of the Sahel. Another point is the statistical 
approach as shown by Linder et al. [57]. They define various borderlines of Sahel 
versus Sahara out of all zoological and floristic elements. Most of those boundaries 
reach several hundreds of km more to the North – into the region of plain desert. 
This represents the principal difference of field analysis and pure statistical analysis 
without any ground check. Another point is the difference and extension of the 
Sudan- and Guinea-zones. The concepts of the Kew and Toulouse schools [58, 59] 
differ at the Nigeria-Cameroon border. In that case, we follow the ‘Toulouse’ school.

5. The Sahel and its savannas

A few km to the South, the aspect of landscape changes again (see Figure 1, 
23-33, Figures 9, 10). The savanna remains but the floristic composition differs. 
Beside Acacia, Commiphora becomes characteristic and the annual grasses like 
Aristida mutabilisor Cenchrus biflorus are dominant. It is the definite change from 
the Sahara to the Sahel. Phytosociologically, it is defined by the transition from 
theAcacio-Panicion to the Acacio-Aristidion [47].

As Figures 9 and 10 demonstrate, the Sahelian savannas are intensively 
exploited. The northern ones are pasture areas, and millet growing dominates in the 
Acacia-Piliostigma savannas. These are cultural landscapes and they demonstrate 
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the variety of degradation. The southern Sahel is also a region of the old rooted 
agroforestry systems – the parks [60–62]. They are dual and integrated systems of 
animal (cattle) keeping and agriculture. The main feature is the two storey aspects 
of trees of a restricted species composition and only one or two generations. The 
Gao (Faidherbia)-parks, however, often show several generations of shrubs and 
trees. The intention of these parks is the production of vegetal or animal fat and 
agrarian products. They have been constituted by selection from a pre-existing 
vegetation (Vitellaria and Parkia-parks), by tolerance and assistance- as for the 
Faidherbia-parks – or by former defence plantation as it is the case of Borassus-parks 
[61]. Fire is still a part of the agricultural management.

Either it is a tool to clear land for new fields – few areas where fallow – either 
shifting cultivation is still practised or it is used for cleaning or sanitary purposes 
[63–66]. The Sahel is a savanna region and climatically it is influenced by tropical 
summer rains (monsoon) with a gradient from about 800 to 150/ 200 mm/y and 
with a rainy season of 3–5 months.

For long periods, the Sahel was only regarded as a transition zone to the real 
(Sudanian)-savannas [33, 50]. From the 1970s, this region was accepted as one of 
the consistent savannas [67] even widely transformed to cultural landscapes [68].

6. Lessons from the past. The last 200 years

Type and dynamic of landscape may often be read and understood from its 
history (see Figures 11–16). A series of more or less precise descriptions is on our 

Figure 9. 
Aspects of the Sahel. (A) The Sahelian savanna on the Tigidit plateau, Central Niger Acacia, Commiphora, 
Maerua and annual grasses. (B) Millet fields near Birni-n-Konni, southern Niger. (C) Animal keeping near 
Abalak, northern Niger. (D) Desertification. The overexploited area of Ader, near Koutous, central Niger. 
Drawing Schulz.

Figure 10. 
The aspects of agro-forestry. (A) Faidherbia albida-Park for animal keeping and agriculture in southern 
Niger. (B) Karité-Park (Vetiveria paradoxa) in northern Togo. Tree cultivation for fat and agriculture with 
the general employment of fire. (C) Ronier palm-Park (Borassus aethiopum), southern Niger, for various 
exploitations of the trees and agriculture. Former defence parks. Drawing Schulz.
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Figure 11. 
The history of the southern limit of the desert and the Sahara at the Tigidit plateau, northern Niger (from 
[69], modified).

Figure 12. 
The history of the southern limit of the desert and the Sahara at the Belgashifari well, NE Niger (from [69], 
modified).
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disposition centred on the traditional transsaharan trade routes from the 1820s on. 
For the present case, the historic ‘Borno-Road’ – Tripolis-Kukawa and its deviation via 
Ghadames-Rhat-Agadez – served as a perfect source of information. It was the most 
frequented caravan-route in the nineteenth and early twentieth century, whereas the 
Tombouctou-Fez (Morocco) road was already less used. From 1822 on, we have for 
every 30 years a report of the voyagers [20, 71–76] on the nature of the landscapes. As 
wells were crucial points for the caravans, they also served as reference points in all the 
reports. Vegetation has always been an important topic in their reports which relied on 
the vernacular names of plant species – in Arabic or in other languages. Thus, we have 
a suitable base to reconstruct the plant cover for the nineteenth and for the first half of 
the twentieth centuries as we can use the indicator values of the modern vegetation.

6.1  At first, we will present the landscape changes at the desert-savanna-
transition: at the reference points Tigidit cuesta and at the Belgashifari well 
(see above)

6.1.1 The Tigidit cuesta (16°25′N, 7°55′E)

As mentioned above, the contrast between the contracted mode of the Acacia-
Panicum-vegetation (desert) in the foreland of the cuesta and its diffuse mode 
(savanna) on its top is clearly visible (cf. Figure 17). The dots depict the extension 
of the Saharan savanna and the change to those of the Sahel. At 1937, the situation 
was similar but the belt of the Acacia-Panicum-savanna was smaller and the exten-
sion of the Sahelian Commiphora-savanna was greater [20]. In the middle of the 
nineteenth century, the situation was different. A large grass cover masked the main 
transition and the Saharan savanna was much more extended [13].

6.1.2 The transition at the Belgashifari well (16°2 N, 13°14′E)

In 1984, the change from contracted to diffuse (permanent) vegetation was 
as clear as at Tigidit (see above). However, the Saharan savanna was much more 
extended (see Figure 12). In 2014, the situation was comparable, but trees were 
much more scarce. It was in 1822, when Denham [71] gave the first of the historical 
descriptions: he reported the change from desert to savanna near its present posi-
tion. After a belt of a lush savanna, he described a clear change to a dense savanna.

Figure 13. 
Northern and western Africain the nineteenth century. Vegetation maps and a reconstruction of precipitation 
based on the reports of the early explorers [70]. The importance of the achabs is visible in the second half of the 
nineteenth century. Cartography Schulz.



Plant Communities and Their Environment

74

Figure 11. 
The history of the southern limit of the desert and the Sahara at the Tigidit plateau, northern Niger (from 
[69], modified).

Figure 12. 
The history of the southern limit of the desert and the Sahara at the Belgashifari well, NE Niger (from [69], 
modified).

75

Vegetation Dynamics. Natural versus Cultural and the Regeneration Potential. The Example…
DOI: http://dx.doi.org/10.5772/intechopen.87030

disposition centred on the traditional transsaharan trade routes from the 1820s on. 
For the present case, the historic ‘Borno-Road’ – Tripolis-Kukawa and its deviation via 
Ghadames-Rhat-Agadez – served as a perfect source of information. It was the most 
frequented caravan-route in the nineteenth and early twentieth century, whereas the 
Tombouctou-Fez (Morocco) road was already less used. From 1822 on, we have for 
every 30 years a report of the voyagers [20, 71–76] on the nature of the landscapes. As 
wells were crucial points for the caravans, they also served as reference points in all the 
reports. Vegetation has always been an important topic in their reports which relied on 
the vernacular names of plant species – in Arabic or in other languages. Thus, we have 
a suitable base to reconstruct the plant cover for the nineteenth and for the first half of 
the twentieth centuries as we can use the indicator values of the modern vegetation.

6.1  At first, we will present the landscape changes at the desert-savanna-
transition: at the reference points Tigidit cuesta and at the Belgashifari well 
(see above)

6.1.1 The Tigidit cuesta (16°25′N, 7°55′E)

As mentioned above, the contrast between the contracted mode of the Acacia-
Panicum-vegetation (desert) in the foreland of the cuesta and its diffuse mode 
(savanna) on its top is clearly visible (cf. Figure 17). The dots depict the extension 
of the Saharan savanna and the change to those of the Sahel. At 1937, the situation 
was similar but the belt of the Acacia-Panicum-savanna was smaller and the exten-
sion of the Sahelian Commiphora-savanna was greater [20]. In the middle of the 
nineteenth century, the situation was different. A large grass cover masked the main 
transition and the Saharan savanna was much more extended [13].

6.1.2 The transition at the Belgashifari well (16°2 N, 13°14′E)

In 1984, the change from contracted to diffuse (permanent) vegetation was 
as clear as at Tigidit (see above). However, the Saharan savanna was much more 
extended (see Figure 12). In 2014, the situation was comparable, but trees were 
much more scarce. It was in 1822, when Denham [71] gave the first of the historical 
descriptions: he reported the change from desert to savanna near its present posi-
tion. After a belt of a lush savanna, he described a clear change to a dense savanna.

Figure 13. 
Northern and western Africain the nineteenth century. Vegetation maps and a reconstruction of precipitation 
based on the reports of the early explorers [70]. The importance of the achabs is visible in the second half of the 
nineteenth century. Cartography Schulz.



Plant Communities and Their Environment

76

Thirty years later, Barth [72] saw again the desert-savanna-boundary in a 
similar position as at present; however, he noted a dense herb and grass cover and 
an important tree-vegetation in the dune depressions. Rohlfs [74] described a 
dense grass and herb cover that masked the main transition, and for the South of 
Belgashifari well, he noted a dense savanna with Sudanian trees in the dune valley. 
Nachtigal [73] confirmed this mosaic too. Thirty years later, Vischer [75] described 
a loose grass and herb cover with the desert boundary near the present position. 

Figure 14. 
The present situation and the historical development of the Guidimouni depression/SE-Niger (from [69], 
modified).
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However, the tree cover south of it was less dense than described by his predeces-
sors. In conclusion, we state that the main boundaries did not change their position 
very much, but during the 1860s, the plant cover was much more dense and diversi-
fied with a remarkable Sudanian tree vegetation reaching far to the North in the 
dune valleys.

Figure 16. 
The Guidimouni pollen record/ SE-Niger (from [69], modified).

Figure 15. 
The sediment structure of the Guidimouni record/Southeast Niger. It demonstrates the stability of the sediments 
by the formation of algea-layer sand also the steady presence offire asproved by the charred material (from 
[69], modified).
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Thirty years later, Barth [72] saw again the desert-savanna-boundary in a 
similar position as at present; however, he noted a dense herb and grass cover and 
an important tree-vegetation in the dune depressions. Rohlfs [74] described a 
dense grass and herb cover that masked the main transition, and for the South of 
Belgashifari well, he noted a dense savanna with Sudanian trees in the dune valley. 
Nachtigal [73] confirmed this mosaic too. Thirty years later, Vischer [75] described 
a loose grass and herb cover with the desert boundary near the present position. 

Figure 14. 
The present situation and the historical development of the Guidimouni depression/SE-Niger (from [69], 
modified).
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However, the tree cover south of it was less dense than described by his predeces-
sors. In conclusion, we state that the main boundaries did not change their position 
very much, but during the 1860s, the plant cover was much more dense and diversi-
fied with a remarkable Sudanian tree vegetation reaching far to the North in the 
dune valleys.

Figure 16. 
The Guidimouni pollen record/ SE-Niger (from [69], modified).

Figure 15. 
The sediment structure of the Guidimouni record/Southeast Niger. It demonstrates the stability of the sediments 
by the formation of algea-layer sand also the steady presence offire asproved by the charred material (from 
[69], modified).
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6.2 Mapping the past

These reports made it possible to establish vegetation maps for the first and for the 
second half of the nineteenth century. The small maps give the expedition routes. It is 
clear that the information does not cover the whole area, and the interpretation is cer-
tainly limited. The maps rely on the written reports, and the descriptions for the cen-
tral part of the region were the most precise ones. For the southern parts of the visited 
regions, the descriptions are mostly based on trees, which were mentioned by their 
vernacular names. Due to several robberies or damages during the transport, most 
collected plants were lost. Finally, the bombing and burning of the Berlin Herbarium 
in the Second World War destroyed the last preserved plant specimens [77].

6.2.1 Climate history

Nicholson et al. [70] reconstructed the mean precipitation for the last two centu-
ries based on the landscape descriptions of early voyagers, early measurements and 
interpretations out of lake level- or sediment records. The diagram (Figure 13) is also 
marked for the expeditions of the early voyagers. The record depicts a long drought 
period from the beginning of the nineteenth century to about 1850 with a short 
humid spell around 1820. During the 1850s, some humid years occured followed by a 
series of dry years up to the 1870s. Afterwards, a humid period lasted with some inter-
ruptions until 1910. After another dry period up till 1920, the twentieth century, a 
long humid period occurred until the end of the 1960s. Suddenly, the climate changed 
to a long series of droughts, which only at the end of the 1980s seemed to diminish.

6.2.2 The vegetation

Mapping is based on the present vegetation map (Figure 1) and documents the 
differences, which could be read from the historical reports. The two maps show 

Figure 17. 
The strategies of life in the desert. (A) Achab. Development of therophytes after aleatoric rainfall and the 
formation of a root carpet. (B) Vegetative and generative strategy of Acacia. Deep and lateral roots with root 
suckers, seed germination and development of deep roots for groundwater. Drawing Schulz.
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similarities and differences. They correspond in their regular presence of trees in the 
northern semidesert and in the position of the southern boundary of the Sahara. The 
Sahel region was described for extended Acacia-thickets and forests in the northern 
part and Combretaceae-savannas in the South. The Sudanian region was similar to the 
present one; it was, however, denser. A further differentiation was not possible. But the 
presence of parks was regularly mentioned. The rain forests were much more extended 
and consequently the Guinean zone much more restricted – compared to the present 
situation. The most important information lies in the regular presence of achabs in the 
Sahara during the second half of the nineteenth century. We conceive quasi-permanent 
pastures by repeated rainfall in the Sahara up to 25°N. Certainly, this was the base of a 
strong nomad economy providing the base for their dominance over sedentary people.

All voyagers agreed on the rich and diverse game in Sahel and Sudan. They men-
tioned in particularthe large elephant populations. Together with the large exten-
sion of Acacia-forests-thickets, we have to think on elephant-landscapes [78–82]. 
Elephants are known as landscape engineers. They produce a twofold landscape. 
For the one they transform forests to medium high thickets by positive and negative 
selection of tree species and the elimination of high trees and for the other they 
also create new structures. They open the forests for their tracks giving chance to 
grasses, herbs or shrubs with a ruderal behaviour. In this way, they form thickets 
and provide dry and combustible material. So, elephants also create fire-prone 
landscapes too. Elephants are bound to water and they make or enlarge pools for 
drinking, bathing and also the uptake of minerals. As they are social animals with 
a long life period, they school their young generations to maintain and preserve 
these types of landscapes. The Acacia-thickets around lake Chad or in northern 
Cameroon give an – even poor – model of these former landscapes.

6.3  The landscape history of the Sahelian savannas during the last 100 years. 
Guidimouni – a key locality for the Sahelian savannas

In addition to the historical descriptions (see above), we also dispose on physi-
cal archives,which describe the landscape evolution during the last 100 years. They 
come from southeast Niger. The dune depression of Guidimouni in southeastern 
Niger has been described several times in the last 200 years [20, 72]. Moreover, it 
was possible to core the upper part of the lake sediments [76].

6.3.1 The physical situation of the Guidimound depression

A long interdune depression in SE-Niger (13°42′N/9°32′E) represents the 
situation of the Middle Sahalian savannas (see Figure 1). The region is part of that 
area, which was supposed to be endangered by an enchroaching desert [19]. The 
depression has two lakes which are fed by fresh water sources assuring a more or 
less permanent water body.

Figure 14 depicts the present situation of the depression and its recent history. 
The upper diagram shows the whole depression in its present situation. A degraded 
Middle-Sahelian savanna surrounds the lake, mainly consisting of Acacia- and 
Balanites-trees, Leptadenia-bushes and grasses. At present, it is still a regular habit 
to burn the reed in spring in order to have space for gardens and fields. In parallel, 
the Leptadenia-bushes on the dunes are cut and the branches afterwards burned 
(slash and burn) to prepare new fields after a fallow period of several years. Soils in 
this region belong to the arenosol-, regosol- or chambic-arenosol groups [83].

In 1848, Barth [72] described the Guidimouni depression as densely vegetated 
by grasses and herbs the dunes bearing an Acacia-Commiphora-Leptadenia-savanna. 
The depression itself had an Hyphaene-Phoenix-belt around the Typha-reeds. Also 
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and consequently the Guinean zone much more restricted – compared to the present 
situation. The most important information lies in the regular presence of achabs in the 
Sahara during the second half of the nineteenth century. We conceive quasi-permanent 
pastures by repeated rainfall in the Sahara up to 25°N. Certainly, this was the base of a 
strong nomad economy providing the base for their dominance over sedentary people.

All voyagers agreed on the rich and diverse game in Sahel and Sudan. They men-
tioned in particularthe large elephant populations. Together with the large exten-
sion of Acacia-forests-thickets, we have to think on elephant-landscapes [78–82]. 
Elephants are known as landscape engineers. They produce a twofold landscape. 
For the one they transform forests to medium high thickets by positive and negative 
selection of tree species and the elimination of high trees and for the other they 
also create new structures. They open the forests for their tracks giving chance to 
grasses, herbs or shrubs with a ruderal behaviour. In this way, they form thickets 
and provide dry and combustible material. So, elephants also create fire-prone 
landscapes too. Elephants are bound to water and they make or enlarge pools for 
drinking, bathing and also the uptake of minerals. As they are social animals with 
a long life period, they school their young generations to maintain and preserve 
these types of landscapes. The Acacia-thickets around lake Chad or in northern 
Cameroon give an – even poor – model of these former landscapes.
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cal archives,which describe the landscape evolution during the last 100 years. They 
come from southeast Niger. The dune depression of Guidimouni in southeastern 
Niger has been described several times in the last 200 years [20, 72]. Moreover, it 
was possible to core the upper part of the lake sediments [76].

6.3.1 The physical situation of the Guidimound depression

A long interdune depression in SE-Niger (13°42′N/9°32′E) represents the 
situation of the Middle Sahalian savannas (see Figure 1). The region is part of that 
area, which was supposed to be endangered by an enchroaching desert [19]. The 
depression has two lakes which are fed by fresh water sources assuring a more or 
less permanent water body.

Figure 14 depicts the present situation of the depression and its recent history. 
The upper diagram shows the whole depression in its present situation. A degraded 
Middle-Sahelian savanna surrounds the lake, mainly consisting of Acacia- and 
Balanites-trees, Leptadenia-bushes and grasses. At present, it is still a regular habit 
to burn the reed in spring in order to have space for gardens and fields. In parallel, 
the Leptadenia-bushes on the dunes are cut and the branches afterwards burned 
(slash and burn) to prepare new fields after a fallow period of several years. Soils in 
this region belong to the arenosol-, regosol- or chambic-arenosol groups [83].

In 1848, Barth [72] described the Guidimouni depression as densely vegetated 
by grasses and herbs the dunes bearing an Acacia-Commiphora-Leptadenia-savanna. 
The depression itself had an Hyphaene-Phoenix-belt around the Typha-reeds. Also 
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some Adansionia trees were planted. A comparable picture was given in 1936 by 
Aubreville et al. [20]. However, the savannas on the dunes were not as dense as Barth 
described it but some Sudanian trees were still present, such as Daniellia sp.This situ-
ation was one of the strongest arguments against the idea of an enchroaching desert.

6.3.2 The Guidimouni sediment record

The sediment core was taken in 2013 in order to reconstruct the recent landscape 
and vegetation history [69]. The lakes of the Guidimouni depression are shallow lakes 
or ponds, and they are not more than 2 m in depth. However, their surface varies much 
during the year. In drought periods, the lakes may dry out (see [83]). Thus, one has 
also to think on the risk of disturbance by wind and breaking waves and also of depo-
sition gaps caused by desiccation. A 70 cm-long tube could be enforced into the sedi-
ments of the western lake. The sediment record consists of silty or sandy gyttias with 
a variable content of organic matter. Four thin sections were made in the Mineralogy 
Department of Szeged University, Hungary. They should help to understand the 
sedimentation processes and also detect possible zones of reworked sediments.

At a first look, the sediments seem to be uniform or amorphous. However, at 
400× magnification, it was possible to discriminate into two mayor features, which 
are explained by Figure 16. Under a disturbed section of about 12 cm, the deposits 
are organised in fine – millimetric – layers, which are separated by algae/bacteria 
films, respectively, by their jellies. These are always densely coloured by Fe-oxides. 
The uppermost sediment is mixed and does not show a distinct structure, but it 
depicts the presence of diatoms. Thus, the sedimentation starts with an inwash/
inflow of sandy-silty material and alterated organic matter. On this layer, a film of 
algae/bacteria-jelly is formed indicating a eutrophic and energy-rich shallow water 
body. It fixes the sediment beneath. Small arrows indicate the positions of these 
films. However, the water-rich and unstable layers of the upper cm are exposed to 
wave action, slumping phenomena or other disturbances. So, they may be con-
torted, displaced or mixed again. The upper two columns of Figure 16 show these 
phenomena. The central part of the record (about 20–53 cm), however, is mainly 
made of sands or silt, but still separated by the algae layers. There is information that 
this part belongs to the drought period of the 1970/80s. During this time, the lakes 
became almost dry as reported by locals (Adamou, frdl. comm.). Anyway, a certain 
amount of water still must have persisted to allow the formation of the algae/bacte-
ria films. The lowest thin section depicts an in-wash of weathered middle and coarse 
sand and a dense organic rich gyttia, which again is divided by algae/bacteria layers. 
The general formation of bacteria/algae films will counteract the disturbance effects 
of waves in the shallow water. Considering these facts, a sampling with a distance 
less than 5 cm seemed not to be useful – out of the disturbance risk.

An important feature is the regular presence of charred material. It is made of grass 
coal-flitters consisting of cuticulae, leaves or parenchyma remains. Charcoal from 
wood seems to be very rare. These flitters are kept in the thin layers and are oriented 
along the algea-films. Thus, during the time of the deposition of the record, fire always 
was an important part of landscape dynamics. At present, the inhabitants regularly 
use fire to clear the dune area and the reeds in order to prepare their fields. So, it is 
likely to adopt this model also for the past. It is indicated by the regular presence of 
grass-coal flitters. Coarse ones will not have been transported over long distances.

6.3.3 Vegetation history of the last 100 years

The detection of the stabilising bacteria/algae films visible in the thin sections 
allowed exploiting the record for pollen analysis. The diagram (Figure 16) was 
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constructed on the base of all pollen but aquatics were excluded. The most of the 
arboreal and non-arboreal elements show only values of less than 1%. Thus, they 
are only represented for their presence in the diagram. The pollen diagram is char-
acterised by the elements of an open Sahelian savanna of the Acacia-Balanites-type. 
Dominant are grasses and aquatics (Typha, Cyperaceae). Cerealia are persistent.

The arrows point to the Casuarina- and Eucalyptus curves.
Three pollen zones could be discriminated on the base of the variation Typha-

Gramineae for the one and for the other on the base of the diversity of floristic 
elements:

PZ I. 65–40 cm: The aquatics have high values against the low values of grasses. 
Arboreal pollen shows a relatively high diversity including some Sudanian/Sahelian 
elements (Guiera, Khaya, Combretaceae).

PZ II. 40–23 cm: The part of the aquatics is reduced by rising values of grasses. 
The diversity of arboreal and non-arboreal elements is reduced too.

PZ III. 23–0 cm: There is a rise of the aquatics against reduced values of grasses. 
Trees and shrubs recover but do not reach to the diversity of PZ I.

6.3.4 Charcoal

The charcoal record, which mainly consists of grass coal, depicts the general 
presence of fire in the region as it is. It still today comprises flaming of the reeds 
in order to get place for new fields and also slash and burn on the dune slopes. The 
sharp rise in PZ III represents an accelerated burning for new fields after the end of 
the drought period.

6.4 Time frame

The nature of the sediments will not allow a radiocarbon dating. However, the 
presence of Eucalyptus and Casuarina (see the arrows in the diagram) shows that 
the sequence is not older than the beginning of the twentieth century. The colonial 
authorities of Nigeria planted both tree species as ornamental or afforestation ele-
ments as well as roadside-trees [84, 85]. Their pollen takes part in the long distance 
transport. Thus, in combination with sediment modes and the fact that PZ II is 
apparently contemporaneous to the desiccation of the lake during the drought of 
the 1970s up to the beginning of the 1980s, the base of the core might be deposited 
during the l920 years.

The only comparable record reaching to the present time is that of Oursi in 
Burkina Faso [86], which shows a similar open vegetation due to extensive agri-
culture and animal breeding. However, the record of grass coal stands unique also 
compared to the upper parts of the Manga lake records [87–89]. But tiese lakes did 
not provide suitable sediments to follow them up to the present. This record is the 
first to discriminate between the two main elements in the charred material (grasses 
and trees) – at least for the Sahel.

7.  Regeneration. A confusion of concepts, different observations and 
realitiy

The discussion about regeneration is controversial. There is the position of a 
definite or long-time degradation, which Miehe et al. [90] explain by a short time of 
resilience and then a declining to a lower ecological equilibrium. This corroborates 
the conclusion from the Guidimouni-record as presented above. Hahn and Kusserow 
[91] and Kusserow [92] report a severe degradation of the Sahel from remote sensing 
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over a long period and also report the algae crusts on silty/clayey sediments as indica-
tors/results of a definite decline of savannas. However, she states that sandy environ-
ments will much faster regenerate. Thus, it is necessary to differentiate between the 
types of environments and also to take the periods of observation into consideration.

7.1 The first steps of regeneration

An example is given by the investigations in the Guidimouni depression (see 
above). Field work and observations on the lake-cores structure revealed the 
general regeneration potential of soil surfaces on sandy and clayey sediments. The 
upper centimetres of the dune tops and their middle slopes expose fine layers of 
blown sand which are covered and fixed by bacteria/algae films together with their 
gelly formations (biofilms). These biocrusts are the first stages of reorganisation 
and they represent a general phenomenon in its bimodal feature: deposition of a 
mineral layer which is afterwards settled and covered by bacteria and algae. This 
represents a general phenomenon of soil surface organisation: that of film like OPS/
PSO (pellicular surface organisation) in the sense of Pomel [92], see also [93–95]. 
Thus, it is obvious that even under intensive exploitation, the tendency of regenera-
tion of vegetation and soil still exists.

The general mode of sandy crust formation is explained by Figure 18 (above). 
The upper series represent the regular repetition of coarse and fine sand layers 
mainly fixed by cohesion as it is the case for sand layers in the desert described above 
for the achabs. Anyhow, the normal development is that of biocrusts as represented 
in the middle series. The ever present spores of cyanobacteria and algae germ rapidly 
and create a biofilm of jellies and thus stabilise surfaces. The algae belong to the 
Nostoc- and Lyngbya-realm with a nodular and chain-formed appearence [91]. When 
covered by another sand layer the bacteria/algae will rapidly form another cover. 
Even though these crusts are fragile and may crack easily, they enable a further 
succession of grasses and herbs as a next step. Seeds may be blown in cracks and they 
may germ and exploit the nutrition reserves of the biocrusts. Finally, these crusts may 
be seen as functional types representing the early stages of soil development [96, 97].

On silty/clayey stones or sediments, the situation is different as Figure 15 
(below) may show. The surface of these fine grained rocks or shallow soils are 
often covered by thick cyanobacteria/algae layers which may reach to several mm 
thickness (cf. [91]). They are coherent and impede an implantation of seeds. When 
covered by dust or fine sand, they easily reform. Finally, their smooth surface is 
water repellent and for longer periods, they may be an obstacle to a colonisation of 
grasses or herbs – not to speak about trees.

Figure 18. 
The first steps of regeneration and biocrusts in sandy (above) and clayey (below) sediments (from [69], 
modified).
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In contrast to them, the rapid regeneration mode of the cyanobacteria/algae crusts 
on sandy soils is successfully exploited in the dune rehabilitation of Northern China 
[98, 99]. The crusts are collected, crushed and afterwards sprayed over loose sand 
surfaces or dunes, which gives a good example of working with natural succession.

7.2 Regeneration in the landscape scale

If one regards the philosophy, performance and success of the various projects 
which are active or planned in the Sahel, we have to differentiate between the large 
scale technical ones and those, which are adapted to the conditions of the population.

7.2.1 Gourma – guide – great green wall. The limits of regeneration

Among the large-scale projects, we have the extended dune fixation by fencing 
and tree plantation [102] or the transcontinental ‘Great Green Wall’ [17, 18] still based 
on the idea of an extending desert (see Figures 8, 19, 20). The second type is the 
creation of large natural reserves or national parks in the Sahara and the Sahel. They 
are initiated or proposed for auto-regeneration of vegetation and wildlife – following 
mostly the WWF-philosophy see [14, 16]. Very often their aim is to protect emblem-
atic animals, which are supposed to act as key stone organisms (see for both Figure 1).

The opposite is the creation of pasture-rotation systems to exploit the limited 
resources but also guarantee their regeneration. Finally, they are the counterparts of 
the old shifting/fallow cultivation, which by now in the Sahel is only rarely carried 
out. Several examples will illustrate these projects.

7.2.2 The rotation pasture system ‘Gourma’

The northern part of the Gourma region (Mali) from the Niger-bow to the 
mountains of Hombori (17°-15°N) is a perfect example of Middle and Northern 

Figure 19. 
The pasture-rotation system of Gourma/Mali during the 1970s and 1980s and the long time observation project 
of regeneration up to 2017. Graphs on regeneration without scale [8, 100]. Drawing Schulz.



Plant Communities and Their Environment

82

over a long period and also report the algae crusts on silty/clayey sediments as indica-
tors/results of a definite decline of savannas. However, she states that sandy environ-
ments will much faster regenerate. Thus, it is necessary to differentiate between the 
types of environments and also to take the periods of observation into consideration.

7.1 The first steps of regeneration

An example is given by the investigations in the Guidimouni depression (see 
above). Field work and observations on the lake-cores structure revealed the 
general regeneration potential of soil surfaces on sandy and clayey sediments. The 
upper centimetres of the dune tops and their middle slopes expose fine layers of 
blown sand which are covered and fixed by bacteria/algae films together with their 
gelly formations (biofilms). These biocrusts are the first stages of reorganisation 
and they represent a general phenomenon in its bimodal feature: deposition of a 
mineral layer which is afterwards settled and covered by bacteria and algae. This 
represents a general phenomenon of soil surface organisation: that of film like OPS/
PSO (pellicular surface organisation) in the sense of Pomel [92], see also [93–95]. 
Thus, it is obvious that even under intensive exploitation, the tendency of regenera-
tion of vegetation and soil still exists.

The general mode of sandy crust formation is explained by Figure 18 (above). 
The upper series represent the regular repetition of coarse and fine sand layers 
mainly fixed by cohesion as it is the case for sand layers in the desert described above 
for the achabs. Anyhow, the normal development is that of biocrusts as represented 
in the middle series. The ever present spores of cyanobacteria and algae germ rapidly 
and create a biofilm of jellies and thus stabilise surfaces. The algae belong to the 
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Even though these crusts are fragile and may crack easily, they enable a further 
succession of grasses and herbs as a next step. Seeds may be blown in cracks and they 
may germ and exploit the nutrition reserves of the biocrusts. Finally, these crusts may 
be seen as functional types representing the early stages of soil development [96, 97].
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(below) may show. The surface of these fine grained rocks or shallow soils are 
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thickness (cf. [91]). They are coherent and impede an implantation of seeds. When 
covered by dust or fine sand, they easily reform. Finally, their smooth surface is 
water repellent and for longer periods, they may be an obstacle to a colonisation of 
grasses or herbs – not to speak about trees.

Figure 18. 
The first steps of regeneration and biocrusts in sandy (above) and clayey (below) sediments (from [69], 
modified).

83

Vegetation Dynamics. Natural versus Cultural and the Regeneration Potential. The Example…
DOI: http://dx.doi.org/10.5772/intechopen.87030

In contrast to them, the rapid regeneration mode of the cyanobacteria/algae crusts 
on sandy soils is successfully exploited in the dune rehabilitation of Northern China 
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are initiated or proposed for auto-regeneration of vegetation and wildlife – following 
mostly the WWF-philosophy see [14, 16]. Very often their aim is to protect emblem-
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The pasture-rotation system of Gourma/Mali during the 1970s and 1980s and the long time observation project 
of regeneration up to 2017. Graphs on regeneration without scale [8, 100]. Drawing Schulz.
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Sahel-savannas. They range from a Combretaceae-savanna of tiger bush in the South 
to the Acacia-Commiphora-Balanites-savannas of the North. East of Tombouctou 
there even existed a real Acacia-forest, which was formerlyx exploited for the steam 
boat lines to Bamako [103–105]. The savannas represented for long time a rich pas-
ture, which could not be exploited [100] as only a few wells or water points existed. 
Thus, human impact was restricted to the river-banks and the northern savannas, 
where the cattle keepers had constructed a series of hafirs (rain fed pools). The other 
regions were the oxbows of river Niger in the West and the agriculture areas near the 
mountains in the South. Instead there was an intensive elephant pasture creatred by 
the greatest herds of West Africa [106]. Probably, these savannas may be regarded as 
the gullivers of elephant impact [107], giving a good example for the reports of the 
voyagers of the nineteenth century (see above). Only a few wells were constructed 
in the first half of the twentieth century. But the aureoles of overgrazing developed 
rapidly around them. With the drought of the 1960s, the Sahel started to degrade. 
However, in the Gourma, it went differently. Together with the local cattle keepers 
and authorities, the geologist R. Reichelt from CILSS developed a rotation system of 
new wells and pasture. It was based on the opening and closing of wells depending on 
the state of the pastures around, which were regularly controlled. When degradation 
started, the wells were closed and the cattle keepers were obliged to proceed to other 
wells and pastures. This system worked from the end of the 1960s on and revented 
the desertification phenomena, which had hit the regions around. But in 1984 – at 
the peak of the drought, a great number of cattle keepers from then North of Niger 
River invaded the region. They were not familiar with the rotation system and did not 
respect it. After severe quarrels of the herders, the rotation system collapsed.

Anyway, for long years, it represented a sustainable pasture system, which saved 
the Gourma region from the desertification as it occured in the regions around. It 
is one of the curiosities in science that these experiences were completely forgot-
ten and were not taken into account in the whole discussion on desertification and 
regeneration management.

From about 1984, a long time observation project (see Figure 19B) was installed 
in the same region. Its goal was to follow the degradation-regeneration processes 
under various conditions and exploitations [8]. It was a multidisciplinary proj-
ect mainly based on field observation and remote sensing. It could evaluate the 
regeneration chances of the different savanna systems and it well demonstrated 
that regeneration started early on sandy substrates both for herbs and trees, but on 
clayey sediments degradation continued even after protection. Here, the regenera-
tion started only after a long period, which corroborated the experiences from other 
regions (see above). But the general insecurity of the regions forced the colleagues 
to abandon the project in 2014 [4].

Figure 20. 
The pasture rotation project ‘Guide’ in the Central Air Mts. [43, 101]. (A) The Wadi vegetation in the 
innerpart of the ring structure. (B) The regeneration of trees and shrubs after the second year of closure. See 
also the dense herb cover under the Acacia-umbrellas. Drawing Schulz.
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7.2.3 The pasture rotation project ‘Guide’ in the central Air Mts

The extreme degradation of herb and tree pastures in the Air Mts. on the one 
hand and the octroyance of the Reserve Naturelle de l’Air et Ténéré (see Figure 6, 
[101, 108]) with the exclusion of the herders from traditional pasture areas on 
the other initiated the planning of a new regeneration concept together with 
the local authorities of the Timia village in the central Air Mts. [108]. Figure 8 
explains the general situation. It shows the two granite ring structures of Agalak 
and Aroyan and the upper part of the Wadi Anou Mekkerene, one of the greatest 
of the Air Mts. And it also depicts the altitudinal change in the Air Mts. from the 
mountain savannas to the middle stretches of the wadi Anou Mekkerene heading 
to the West.

Within 4 or 5 years, a rotation system, which functioned on the closure of 
pastures for several years, aimed to assure the regeneration of grasses, herbs and 
trees. At the same time, a sustainable exploitation system of the pastures should 
impede a new degeneration by overgrazing or other forms of over-exploitation. 
The first of these closures was the mountain pasture ‘Guide’ southeast of Timia 
(see Figures 6, 8). It is situated in the Aroyan-granite ring structure, which could 
easily be closed in 1986 for 4 years. This area showed the typical transitions from 
the contracted desert vegetation to the mountain savannas of the Sahelian type. 
The soil cover of vegetation did not exceed 10% but could rise to 70% under the 
umbrella of Acacias. The first years showed an enormous growth rate of trees as 
well for the seedlings-saplings as for branches and twigs −30 cm – for Acacia and 
Maerua. Apparently, trees could profit from the good rainy season and from the 
reduced concurrence of herbs, which suffered from the preceding drought. In 
1990, a first two-days-opening was organised for fruit collection and grass cut-
ting. The enclosure was mapped for vegetation, a floristic inventory was organised 
and also some demilunes/half moon sand accumulations and stone lines were 
constructed in order to collect rain water [101, 109]. Within 4 years, the develop-
ment of tree and grass pastures was as astonishing high, and also people from other 
villages had planned to initiate comparable systems. After the controlled opening 
in 1991, a second pasture was closed for regeneration. For the long run, the village 
council discussed the models of an interdiction of pastures but with controlled 
collection of grass and fruits or controlled pasture. In the mountain savannas, the 
protection and controlled collection of medicinal herbs was an attractive point too. 
Anyway, a permanent following up of vegetation development was planned for the 
future. The Guide-project evidenced the chances of local and accepted regenera-
tion initiatives and it could have been a model for other regions. Unfortunately, as 
for the Gourma project, the rebellion and the successive insecurity put a premature 
end to this success.

7.2.4 Think big! Bridging Sahara and West Africa

7.2.4.1 National parks or natural reserves

The creation of extended reserve areas or national parks have been generated by 
the ideas of an auto-regeneration through excluding further human exploitation or 
through the protection of emblematic animals as key stone organisms.

For the Sahara, the three National parks or natural reserves of Air-Ténéré (see 
Figures 1, 6), Termit-Tin- Toumma and Wadi Rime-Wadi Achmed in Niger and 
Chad should protect huge ecosystems and also support regeneration of vegetation 
and wildlife (see Figure 1). These are the greatest protection areas in the Sahara 
and in Africa as a whole and were supposed bridge the areas of endangered key 
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collection of grass and fruits or controlled pasture. In the mountain savannas, the 
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stone animals [15, 16, 110]. Moreover, there was already a survey on the chances to 
establish a system of monetary exploitation of ecosystem services [111]. However, 
these initiatives often disturbed the traditional pasture systems, and due to the 
insufficient involvement of the local populations, it led to various problems and 
frictions. Anyhow, the sense of these protections and reserve areas was not really 
communicated to and accepted by the concerned populations. Thus in the 1990s, 
with the beginning of the rebellions in Mali, Niger and Chad, these projects were 
no longer accepted by and the state could no longer maintain them. Today, most of 
them gained a status of ‘being endangered’ or ‘in suspense’ [112]. At present, the 
natural reserve Air-Ténéré continues in a certain cooperation with the local popula-
tion in order to manage resources [113].

7.2.4.2 The ‘Great Green Wall’

This is the continental flagship of the protection-regeneration projects and 
follows still the philosophy of expanding ecosystems and the combat against them 
(see Figure 1). The project was created by the African Union in 2007 [17, 114] as a 
7800 km belt from Senegal to Djibouti. Fifteen kilometres wide, it should work as 
protection against wind and erosion. Afforestation should provide nutrients to the 
soil and also ameliorate pasture by foliage and shadow too. Finally, the tradition of 
agroforestry (parks see above) was taken as a model (see also [115]). Research on 
amelioration of soil and plant fertility is an important part such as investigation 
on the symbiosis of bacteria/fungi and acacias. Anyway, as for the other smaller 
or greater projects, this initiative came to an intermediate (?) end caused by the 
general insecurity in the concerned areas. But the research in the various institutes 
of the partner states continues in the hope to reactivate and readjust this flagship. 
However, it already serves for the governmental propaganda. The presidency of 
Niger claimed to have plated millions of trees in order to reduce soil erosion and to 
fix dunes [116].

7.3 ‘Small scale’ as a chance!?

Several projects and activities concentrate on the regeneration and amelioration 
of degraded soils in order to restore the soil cover and to assure food production 
[117, 118]. They are mostly organised on personal or village level and so they are 
participative. These activities have to be seen on the background of a general 
extensification of agriculture, parallel to the intensification, e.g., irrigation cultures 
at favoured places [119]. Most Sahelian farmers are still subsistence-oriented. 
This means that they mainly crop to nurture their families rather than to produce 
market products. The steadily increasing population with growth rates of about 3% 

Figure 21. 
Regeneration and food security measurements in Niger. (A) Tassa /Zai-cultivation on the Ader-plateau, 
Central Niger. (B) Reduced weeding in S-Niger. (C) Intensive irrigation for vegetable production at Niamey, 
Niger. Drawing Schulz.
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per annum leads either to an expansion of cropped surfaces to marginal land or – 
where the population density is already high – to decreasing cropland per family. 
Several examples illustrate these activities (see Figure 21).

7.3.1 The restoration on heavily degraded soils

The ‘tassa’ or ‘zai’ culture (Figure 21A) is an old cultivation system of degraded 
soils [120]. It is based on dug in holes, 10–40 cm in diameter and 10–25 cm in deep 
in a distance of about 1 m. These holes can store rain and run off and thus support 
the regeneration of spontaneous vegetation. They may be filled with leaves or 
compost in order to attract the termites.

Experiments showed the possibilities of 640 kg–800 kg/ha yields of millet. The 
dug in holes must be renovated each year. As the financial component is quite low 
and as it is based on personal or village activity, ‘Tassa’ is the most appropriate and 
widely accepted cultivation system.

7.3.2 The amelioration of crop planting by preservation or planting of trees

In the Haoussa region around Maradi in Niger, average farm size has reached 
meanwhile about 2 ha. For the simple reason of survival, intensification of cropping 
is mandatory.

However, a number of obstacles exist that hinder the application of innovations. 
Among these are traditions, low educational level, low investment capacity and the 
need for risk management. The latter aspect means that farmers are risk averse and 
are not – in contrast to the normal economical theory– yield or income maximisers. 
First of all, the family members need to survive.

So the question is: how does innovation needs to be alike to be acceptable for 
farmers. The answer is manyfold: the innovation needs to be simple, affordable, 
relying on local resources, risk reducing, functioning under multiple weather 
scenarios and it cannot contradict local customs. There are not many innova-
tions that fulfil these criteria, in particular if we want to address the ‘regreen-
ing’ of the Sahel. We can approach the ‘regreening’ from two angles. One is the 
re-establishment of ligneous vegetation, and the other is increasing the crop 
biomass production. At the first glance, these are contradictory objectives. Is this 
really so? In order to answer this question, we will discuss different options in 
the following.

7.3.2.1 Windbreaks (or agro-forestry in a more general sense)

Heavy convective storms are a regular phenomenon in the Sahel. They lead to 
erosion on open surfaces at the beginning of the rainy season and homogenisa-
tion of soil surface properties through redistribution of particulate matter [121, 
122]. The saltating sand grains damage the young seedlings and can lead to crop 
loss at an early vegetative state. Therefore, it is reasonable to think of windbreaks 
as a solution to the problem. A lot of research has been done in this respect [118, 
123]. However, we hardly see any adoption of this technology by farmers. What 
are the problems? It begins with legal problems. Planting a tree means to express 
a claim on property. This is delicate in societies were the land is distributed 
according to local traditions. Second, planting trees in a hedgerow means an 
investment that is hardly affordable for a single farmer. A third argument for 
rejection is the workload for making the trees survive after planting and for 
pruning in order to reduce competition with the neighbouring crop later. And the 
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per annum leads either to an expansion of cropped surfaces to marginal land or – 
where the population density is already high – to decreasing cropland per family. 
Several examples illustrate these activities (see Figure 21).
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rejection is the workload for making the trees survive after planting and for 
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competition for land, water, light and nutrients is the fourth argument to set this 
technology aside. In conclusion, hedgerows are a typical innovation typical for 
scientists and based on on-station results, thus neglecting the constraints of the 
rural populations.

Are there more simple and adoptable solutions? One is, i.e., called farmer- 
managed natural regeneration [124]. It uses the regeneration of ligneous species by 
re-sprouting from rootstocks. Already Wezel et al. [125] could show in the 1990s 
that the minimum yield of pearl millet increased with the number of small bushes 
in the field. This is achieved through the reduction of the negative wind erosion 
effects and the increase of the organic matter stock that is the major provider of 
the major limiting nutrient phosphorus. As side effect, fire wood is provided. In 
contrast to hedgerow planting, with this technology, the only input to be provided 
is low: i.e., only pruning. The disadvantage is that it is only possible in non-
mechanised agriculture. And, the woody species composition is hardly foreseeable. 
Studies in the Maradi area in Niger have shown that in densely populated areas, all 
still existing woody species are under use and that their distribution is depending 
on the distance to settlements (Figure 22).

Close to settlements, old Faidherbia albida trees dominated are protected, 
since they deliver high quality animal fodder and do not compete during the rainy 
season with the crop due to the leaf cover developing in the off-season. Farther 
away from the settlements, Piliostigma reticulata and Combretum glutinosum 
dominate are mainly used as fire wood resources. Also crops differ with distance 
to the settlements, cash crops like cowpea grown more closely to the settlements 
on the more fertile sites. Reasons are protection against theft and higher expected 

Figure 22. 
A survey on tree vegetation in the Faidherbia-park zones around a village in southern Niger. Dominance 
(>40% counts) of woody species >1 m crown diameter (white boxes) and number of woody species detected and 
their average height (number/heigth m) on transects with increasing distance to the village Warzou, central 
southern Niger (Jigawa, Jampali, Guezami-guezami and Gueza being local soil names indicating increasing 
clay content in this order). Survey and assembly by Herrmann 2017.
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yields due to nutrient concentration closer to the settlements. Another variable 
explaining crop diversity is soil conditions, Sorghum preferentially being cropped 
on the more loamy sites.

7.3.2.2 Partial weeding as wind erosion barrier and intermediate nutrient stock

If one wants to reduce wind and water erosion effects on cropping, the simple 
technique of partial weeding is an option (Figure 21B). Under Sahelian conditions, 
sowing and weeding are the most time-consuming agricultural actions. Labour 
shortage during these periods limits agricultural performance, since crop surfaces 
fall out of the scheme. Partial weeding, i.e., stripwise weeding in the sowing lines 
or circular weeding around the sowing pockets, reduces the workload for the first 
weeding by about 50%. The herbs and grasses left standing then act as a semi-natu-
ral erosion barrier. In addition, this vegetation component stores nutrients that were 
otherwise leached. In this way, the weeds can be used as an intermittent nutrient 
reservoir that can be managed, and nutrients are provided to the crop when needed 
by a timely second weeding.

7.3.3 Varieties

The Sahel is the genetic center for the major staple crop pearl millet that is mainly 
planted on the sandy sites. Many different land races exist that have been developed 
by local communities by mass selection over generations. These local communities 
have a quite determined idea about what a variety must provide with regard to pest 
and drought resistance, taste, and yield, just to name a few aspects. Independent 
development of so-called ‘improved varieties’ has repeatedly failed, simply due 
to the fact that breeders were not aware of the mandatory properties for different 
communities, and they did breeding on-station under conditions that are not com-
parable to the farm environment. Therefore, the future agricultural research needs 
to be more participatory and include the farmers perspective already at the state of 
objective definition. Then, higher biomass yielding varieties can be developed.

7.3.4 Seedballs

Under the Sahelian conditions, dry sowing before the rainy season is an option 
if fields are too far from the settlements, if the rainy season starts very later or for 
women, when they are not able to sow at the time due to the obligation to help her 
husbands on their fields first. However, dry sowing imposes the risk of seed loss 
through predation or early droughts. In order to assure a timely establishment of 
the pearl millet crop, the seedball technology was developed [126]. It uses local 
resources like sand, loam, seeds and a little bit of fertiliser (NPK or wood ash) to 
form small balls of about 2 cm diameter. Seedballs have shown to increase biomass 
and yield by about 30% under all kinds of conditions in sandy low fertility soils. 
The only constraint is the labour required for seedball production. However, this 
can be accomplished during the dry season when opportunity costs are low.

7.3.5 Microdosing

The sandy soils of the northern Sahel are characterised by a low chemical 
fertility, phosphoruns and nitrogen being the main limiting nutrients for cereal 
crops. The soils are so poor that even the smallest amounts of nutrient addition 
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form small balls of about 2 cm diameter. Seedballs have shown to increase biomass 
and yield by about 30% under all kinds of conditions in sandy low fertility soils. 
The only constraint is the labour required for seedball production. However, this 
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The sandy soils of the northern Sahel are characterised by a low chemical 
fertility, phosphoruns and nitrogen being the main limiting nutrients for cereal 
crops. The soils are so poor that even the smallest amounts of nutrient addition 
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can boost the yield. Based on this knowledge, micro-dosing as fertiliser strategy 
has been developed [127, 128]. Micro-dosing means a placed fertilisation (in 
contrast to broadcast application) into the sowing pocket at sowing or early in 
the season, where the nutrients are needed most. Only 2 kg of phosporus are 
able to double the yield on the poorest sites. Micro-dosing at sowing supports 
the early establishment of the plant. Once the crop is established and crop loss 
ha not to be expected, further fertilisation can be done without the risk of 
investment loss.

However, for the poorest farmers in remote areas, even market access to fertiliser 
is limited. They can rely on wood ash as local fertiliser, since cooking is done with 
firewood. Wood ash provides soluble phosphours, potassium, calcium and other 
micro-nutrients. It can be considered as a complex fertiliser, since it stems from 
plants. Consequently, it provides most nutrients needed by plants. two grams of 
wood ash placed into the sowing pocket but at little distance to pearl millet seeds 
has proven to be effective in increasing yield on poor sites. For legumes, this local 
fertiliser is applied shortly before flowering.

7.3.6 OGA

OGA is fermented human urine that is used as liquid fertiliser. It is an autoch-
thonous innovation developed by the farmer organisation Fuma Gaskiya in the 
Maradi area of Niger taking Asian practices as example. It mainly contains nitrogen 
and potassium as fertilising compounds and has shown to consistently increase 
pearl millet biomass and grain yield. It is a resource that is locally available for free. 
It is placed application makes it efficient in annihilating the nitrogen constraint 
of crop production. Combined with wood ash application (as source for soluble 
phosphorus), two local resources can be used to fight the notorious soil deficiency 
with respect to these nutrients. In addition, it is reported by farmers that the smell 
of OGA is effective to chase off harmful insects.

7.3.7 Biological insect control

The head miner became a major during the Sahelian droughts of the 1970s. 
Pesticide control is out of reach for subsistence farmers. In consequence, a bio-
logical control mechanism using the parasitoid wasp Habrobracon hebetor was 
developed. The parasitoid can potentially be produced locally. However, there is 
still no agro-enterprise that has taken up this innovation. Perhaps, production is too 
sophisticated and potential price levels or too high for application by subsistence 
farmers.

7.3.8 The diversification or the counter-season production

Food security shall be enlarged by intensified and irrigated vegetable produc-
tion. It constitutes by now a widely accepted activity, wherever the bases are given 
(Figure 21C). It ranges from the vegetable and fruit production in the vicinity of 
towns or to intensive onion production for export [83, 129]. It can be run on as 
personal activity or as a collective one.

Thus, these small-scale projects proved chances on the personal of village level 
to earn its own living and to build sustainable base for villages. They fulfil the 
demand for participativity and local decision on the projects. Moreover, they are 
less endangered by the overall insecurity and they may develop their systems by 
own experiences, and guaranteeing thus a long performance, independently from 
external pressures.
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7.4 Finally, the ‘Greening’

After all there is an augmentation in the plant cover. It is evident too in the south-
ern Sahara and the northern Sahel as well as in the Park region of the southern Sahel, 
from where it was taken by [130, 131] as a sign of a principal ‘regreening’. But there is 
still degradation of ecosystems parallel to that recovery in some regions [7, 12].

7.5 In the long run – future prospects

Finally, the green future of the Sahelian areas needs a landscape approach where 
the different stakeholders jointly act in a way it takes into account that the multiple 
angles of natural and socio-economic environment. Short-term action by decision 
makers who want to see short-term results and who are driven by the dogma of 
novelty – in particular in science – will not lead to a sound outcome. In contrast, the 
basics need to be understood, more participatory action is needed, and long-term 
development concepts need to be supported. Agriculture has to and is able to sup-
port the landscape productivity and thus ‘greening’. No sophisticated approaches are 
needed, but the insight that subsistence oriented agriculture needs innovations that 
are simple, affordable and based on local resources. In a long-term, a re-integration 
of crop and livestock production is inevitable to partly close the nutrient cycle.

The decade long experience of our colleagues from university of Abdou 
Moumouni university of Niamey [132, 133] came to the general conclusion on regen-
eration possibilities of degraded landscapes (see Figure 21). Damage and degradation 
of Acacia-albida-parks and Combretaceae-savannas in the Southeast of Niger (stages 
1 and 2) diminished the resources for the local population in such a dimension that 
an intervention was necessary. The classical stonewalls on the slopes alone provoked 
runnels climbing up the slope and aggravated the situation (stage 3). Thus, it was 
necessary to intervene at all points and for a long period in order to stop further linear 
erosion and to allow the auto-regeneration of vegetation and soil (stage 4). Especially 
on silty-clayey grounds, it will take time to collect sufficient organic material on the 
surface to allow an implantation of grasses and herbs as further stages of succession. 
Mulching, however, turned out to be successful to attract ants of termites to transport 

Figure 23. 
Experiences with the regeneration of an overexploited Faidherbia-park Southwest of Niamey [69, 132], 
modified.
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fines from the deeper parts of the sediments up to the surface (see also [134]). And 
finally, also follows the ideas of the different ‘Tassa’ initiatives (see above).

Supported by strong farmer organisations, farmers can make significant prog-
ress indepently from the national political situation. Agricultual research should 
not only focus on single management measures but also adopt a farming systems 
approach, where combined innovations are researched always under the paradigm 
of adoptability taking the farmers’ view into account [135, 136].

In the long-term, a part of the population needs to gain its living from activities 
outside agriculture. The pre-requisites to reach this goal are infrastructure and edu-
cation. The latter should begin in rural areas with agriculture becoming a regular 
subject in grammar schools (Figure 23).

8. Conclusion

Field observation revealed the clear partition of the Sahara in three main 
landscape types: The Semidesert, the Desert and the (Saharan) Savanna. Thus, the 
divide between desert and savanna occurs within the Saharan realm. Historical 
reports and sediment records reveal a stable southern boundary of the desert in the 
secular scale. Apparently, the boundaries of the desert are the rare climatic ones on 
the continent. Most savannas South of it are cultural landscapes – including ‘ele-
phantscapes’ – as preserved in the Gourma/Mali. The degradation-desertification 
of the last 80 years resulted in a decline to a lower ecological equilibrium. However, 
the first steps of regeneration are always visible. Their further development, 
however, depends largely on the type of environments and on human interference. 
Several projects and initiatives evidenced a principal chance of regeneration or at 
least preservation. They also showed that small scale projects have a better chance 
to be accepted and to be continued by the local population. Il became clear that any 
initiative must be based on the participation of the respective population and must 
be conceived for a long time. We still do not know how many years or decades the 
different ecosystems need to fully recover – or if they will remain on a lower level 
of ecological equilibrium. We should consider the whole discussion and the various 
activities that take place on the background of a rapidly increasing demography. 
And finally, the situation changed completely. The general insecurity for the civil 
population in the regions concerned stopped most initiatives or set them in a state 
of ‘suspense’ or ‘endangeredness’. As this situation exists already since more than a 
decade and as it will probably continue, one should accept the latter and adjust all 
kinds of plans and initiatives to it.

Acknowledgements

Fieldwork was financially supported by Deutscher Akademischer 
Austauschdienst, Deutsche Forschungsgemeinschaft and Université Abdou 
Moumouni de Niamey. J.Merkt, T.Musch, and F. Neagra gave valuable suggestions 
for the manuscript. We are indepted to them all.

93

Vegetation Dynamics. Natural versus Cultural and the Regeneration Potential. The Example…
DOI: http://dx.doi.org/10.5772/intechopen.87030

Author details

Erhard Schulz1*, Aboubacar Adamou2, Sani Ibrahim2, Issa Ousseini2 
and Ludger Herrmann3

1 Institut für Geographie und Geologie, Universität Würzburg, Germany

2 Département de Géographie, Université Abdou Moumouni de Niamey, Niger

3 Institut für Bodenkunde und Standortslehre, Universität Hohenheim, Germany

*Address all correspondence to: erhard.schulz@mail.uni-wuerzburg.de

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



Plant Communities and Their Environment

92

fines from the deeper parts of the sediments up to the surface (see also [134]). And 
finally, also follows the ideas of the different ‘Tassa’ initiatives (see above).

Supported by strong farmer organisations, farmers can make significant prog-
ress indepently from the national political situation. Agricultual research should 
not only focus on single management measures but also adopt a farming systems 
approach, where combined innovations are researched always under the paradigm 
of adoptability taking the farmers’ view into account [135, 136].

In the long-term, a part of the population needs to gain its living from activities 
outside agriculture. The pre-requisites to reach this goal are infrastructure and edu-
cation. The latter should begin in rural areas with agriculture becoming a regular 
subject in grammar schools (Figure 23).

8. Conclusion

Field observation revealed the clear partition of the Sahara in three main 
landscape types: The Semidesert, the Desert and the (Saharan) Savanna. Thus, the 
divide between desert and savanna occurs within the Saharan realm. Historical 
reports and sediment records reveal a stable southern boundary of the desert in the 
secular scale. Apparently, the boundaries of the desert are the rare climatic ones on 
the continent. Most savannas South of it are cultural landscapes – including ‘ele-
phantscapes’ – as preserved in the Gourma/Mali. The degradation-desertification 
of the last 80 years resulted in a decline to a lower ecological equilibrium. However, 
the first steps of regeneration are always visible. Their further development, 
however, depends largely on the type of environments and on human interference. 
Several projects and initiatives evidenced a principal chance of regeneration or at 
least preservation. They also showed that small scale projects have a better chance 
to be accepted and to be continued by the local population. Il became clear that any 
initiative must be based on the participation of the respective population and must 
be conceived for a long time. We still do not know how many years or decades the 
different ecosystems need to fully recover – or if they will remain on a lower level 
of ecological equilibrium. We should consider the whole discussion and the various 
activities that take place on the background of a rapidly increasing demography. 
And finally, the situation changed completely. The general insecurity for the civil 
population in the regions concerned stopped most initiatives or set them in a state 
of ‘suspense’ or ‘endangeredness’. As this situation exists already since more than a 
decade and as it will probably continue, one should accept the latter and adjust all 
kinds of plans and initiatives to it.
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Chapter 5

Eastern Poison Ivy (Toxicodendron 
radicans L.): A Bioindicator of 
Natural and Anthropogenic Stress 
in Fields and Forests
Dean G. Fitzgerald, David R. Wade and Patrick Fox

Abstract

This chapter considers herbaceous and woody plants near the 1800s era 
 hydrocarbon extraction areas (HEAs) in Wiikwemkoong Unceded Territory 
(WUT) on Manitoulin Island, Lake Huron, Ontario, Canada. Plant community 
assessment used patterns of diversity and distribution at five field and six forest 
sites to assess the response of the plants to HEAs. These sites receive brine episodi-
cally from HEAs and natural seeps over the Collingwood Oil Shale Formation. 
This brine contains high concentrations of chloride and sodium along with total 
dissolved solids that exceed 100,000 mg/L. Exposure to brine is identified as the 
causative factor shaping plant distribution, survival, size, leaf bleaching (i.e., 
chlorosis), and dead branches on woody stems. These sites demonstrate an ecotone 
of disturbance defined by transition from natural plant community to dominance 
by eastern poison ivy (EPI, Toxicodendron radicans L.). Disturbed sites within brine 
drainage areas are dominated by EPI, reflecting tolerance to elevated salinity due to 
rhizome growth strategy. Evaluation of the plant communities and EPI allowed for 
preparation of a framework that can be used to guide interpretation of response of 
plants to drainage of brine from HEAs and natural sources beyond WUT.

Keywords: brine, community responses, hydrocarbon, Toxicodendron radicans, 
Manitoulin Island, Canada

1. Introduction

Abiotic and biotic factors can act synergistically to influence growth, longevity, 
and distribution of plants [1]. Abiotic factors include disturbance regimes, light 
intensity, availability of water, and microelemental concentrations, among other 
factors [1, 2]. Biotic factors include competition, predation, and propagule pres-
sure, among other factors [2, 3]. When plants respond to abiotic and biotic factors, 
the resulting growth, longevity, and distribution can be used to understand the 
dominant factor(s) affecting success in a habitat. This understanding arises when the 
abiotic and biotic factors are known, and then analyses can be completed to identify 
the factor(s) responsible for observed growth, longevity, and distribution. In these 
settings, it is often feasible to identify one or more plant species as bioindicators, 
to represent patterns [1–5]. This approach uses existing knowledge on ecological, 
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physiological, and ontological requirements of bioindicator species. Hence, the 
status of bioindicator species in a habitat can be used as a surrogate to identify the 
dominant abiotic and biotic factors shaping plants within an area of interest [5, 6].

Studies of plants and plant communities exposed to brine from oil and gas 
wells, referred to herein as hydrocarbon extraction areas (HEAs), demonstrated 
the short- and long-term consequences of this type of episodic and/or persistent 
disturbance [7–12]. Historically, brine was allowed to drain away from HEAs and 
was then observed to kill all exposed plants [7, 8]. Best practices now involve 
the capture of brine for safe disposal [7]. Brine from HEAs varies from locale to 
locale but always contains high concentrations of elements, like Cl >50,000 mg/L, 
Na >25,000 mg/L, Ca > 10,000 mg/L, Mg >1000 mg/L, SO4

−2 > 500 mg/L, and 
Fe > 200 mg/L with total dissolved solids (TDS) > 100,000 mg/L [7, 13, 14]. 
When brine drains to adjacent plant communities, most species will show a 
short-term response involving the leaves turning white, indicating the loss of 
chlorophyll, referred to as chlorosis, with leaf drop soon thereafter [7, 15, 16]. The 
process of chlorosis is attributed to the loss of ionic balance in the roots and leaves 
of the plant, attributable to the high concentrations of elements such as Cl and Na 
in the brine [12, 15].

A detailed study of the response of plants to long-term exposure of brine 
was completed by government scientists in former oak (Quercus sp.)-dominated 
forest of Oklahoma, USA [7]. This Oklahoma study documented how herbaceous 
and woody vegetations were completely absent in areas that received brine run-
off during the past, while trees downslope were short and demonstrated dead 
branches. In contrast, herbaceous and woody vegetation upslope and adjacent to 
the brine-exposed areas showed no evidence of stress [1]. The authors attributed 
the loss of ground vegetation and the short height and dead branches of the trees 
to long-term exposure to brine from HEAs. Another study that documented the 
response of plants to brine exposure was completed in the Allegheny State Forest 
in Pennsylvania, USA [15, 16]. This forest patch was dominated by trees such 
as eastern hemlock (Tsuga canadensis L. Carrière), red maple (Acer rubrum L.), 
American beech (Fagus grandifolia Ehrh.), northern red oak (Quercus rubra L.), and 
yellow birch (Betula alleghaniensis Britton). This forest was exposed to brine from 
a leaking impoundment over a period of 3 years. The path followed by the brine 
resulted in the death of all ground vegetation during the first season and all trees 
within 2 years. Walters and Auchmoody ([15], p. 124) stated: “The swiftness and 
completeness of the kill attests to the extremely toxic nature of the spilled brine. 
Ground cover was eliminated immediately, and trees showed visual symptoms of 
stress during the first growing season….” The last plants to die were the old growth 
(>300 years old) eastern hemlock and American beech in the drainage area. The 
extended survival of these large and old trees was attributed to the deep roots 
providing some tolerance to the brine, but they still died. It was also reported that 
within 2 years, plants returned to the brine-disturbed forest areas, with typical 
pioneer species, including ferns, as first to appear, followed by previously evident 
woody species [16]. Studies that document the response of plants to brine exposure 
during short- and long-term periods represent an opportunity for learning about 
species and community response patterns to this type of disturbance [17, 18]. 
Schindler [18] suggested such severe types of disturbance are useful for learning 
about responses of species and communities to a disturbance but do not necessar-
ily represent the key variables to help elucidate exact response patterns. Schindler 
[18] also noted that disturbance regimes can provide a basis to resolve cause-effect 
relationships and are instructive if the response patterns are indeed outside of the 
typical normal range. Schindler [18] also suggested that understanding the exact 
responses of species and communities to disturbance can lead to the development 
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of a predictive framework of responses for low-level disturbance. Using this basis, 
additional studies of plants associated with HEAs and brine are justified, to resolve 
growth, longevity, and distribution of plants in these areas, as a basis to refine 
future rehabilitation activities.

This chapter reports how the distribution of eastern poison ivy (EPI; 
Toxicodendron radicans L.) has been used as a diagnostic indicator to locate 
lost HEAs that include oil and gas wells in fields and forests. These lost HEAs 
exist on Wiikwemkoong Unceded Territory (WUT) #26, an area that extends 
along the entire east shoreline of Manitoulin Island, Lake Huron, Ontario, 
Canada (Figure 1). Portions of Manitoulin Island and WUT are located over the 
Collingwood Oil Shale Formation (Ordovician origin) containing oil and gas 
deposits within the porous limestone of the Trenton Formation [19, 20]. Since 
2014, members of WUT have been working with Premier Environmental Services 
Inc. (Premier), to rediscover lost HEAs using an approach that integrates oral 
traditional knowledge (TK) with plant ecology and chemistry-based analyses 
[21]. This discovery process has been refined since 2014, with the integration of 
TK and science to help understand the distribution of EPI along with the status of 
the plant communities in proximity to candidate HEAs. Direct experience at WUT 
allowed for the refinement of this understanding of how EPI represents a bioin-
dicator species to represent the responses of other herbaceous and woody plant 
species in these habitats at 50+ HEAs. Documentation of the response of EPI and 
plant communities associated with HEAs was achieved with detailed studies of 
five field and six forest sites, including a groundwater seep in a field and natural 
hydrocarbon seep in a forest. This representation of the responses of plants to 
local habitat features provides the basis for learning about the key environmental 
factors shaping the growth, longevity, and distribution of plants in areas with 
HEAs and natural seeps.

Figure 1. 
View of Manitoulin Island, Lake Huron, Ontario. The approximate boundaries (less adjacent lands) of WUT 
are noted within the yellow oval, along the entire eastern end of the island. The general area of the five field 
and six forest sites are within the brown oval.
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2. Taxonomy and physiological basis for study

Eastern poison ivy is a member of the Anacardiaceae family (sumac-cashew) 
and distributed across Eastern North America, whereas western poison ivy 
(Toxicodendron rydbergii (Small ex Rydb.) Greene) is distributed across Western 
North America [22, 23]. These two species are morphologically variable (e.g., 
leaf color, size, shape), and they can hybridize within overlapping habitats. 
Eastern poison ivy shows varied growth forms, with the most common as a 
woody rhizome that grows underground in all directions, with no nodes but roots 
and leaves at varied intervals. This variable rooting leads to the establishment 
of patches over large areas and varying types of soil. An alternate form of EPI 
demonstrates a woody vine that will climb trees and other hard surfaces. Both 
growth forms are identified as shade-intolerant and are often found in habitats 
with direct sunlight such as the edge of forests, along roadways, disturbed areas, 
fields, and wetlands. Both forms produce the toxin urushiol as a defense mecha-
nism, and these toxins often cause contact dermatitis in two of three humans 
following exposure to as little as 1 nanogram [24]. These toxins are released 
from the roots and leaves to the air as oil droplets [24]. On Manitoulin Island, 
EPI is most commonly found along edges of forests and farm fields, roadways, 
and other disturbed areas [25]; EPI is considered a rare species in natural forests 
with closed canopies and wetland areas on the island [25], as this species prefers 
direct sunlight [22, 23].

All species within the Toxicodendron genus show some tolerance to soil salinity, 
and this provides the plants with the ability to maintain viable populations within 
disturbed habitats [22]. Kuester et al. [26] reported that elevated tolerance to soil 
salinity was a common characteristic of successful weed species in North America. 
The United States Department of Agriculture (USDA) Plants Database (http://
plants.usda.gov/charinfo) provides a standard definition to represent how plants 
tolerate soil salinity. Such representation of plant tolerance to soil salinity reflects 
studies of plant growth performance that classified species among four tolerance 
categories (zero, low, medium, high), to represent range of responses. These USDA 
responses include zero tolerance to soil solutions with electrical conductivity of 
0–2 dS/m, low tolerance to 2.1–4.0 dS/m, medium tolerance to 4.1–8.0 dS/m, and 
high tolerance to >8.0 dS/m. Plants are defined to tolerate salinity if there is zero to 
slight reduction in growth (<10%). Eastern poison ivy demonstrates an ability to 
tolerate elevated concentrations of soil salinity, often within the medium tolerance 
category [22, 23].

Such reports of tolerance of EPI to soil salinity include a range of responses, 
depending on the locale of the study [22, 23]. It is likely this range of responses is 
a direct response to rhizome growth forms with roots and stems extending over 
large areas. This pattern indicates that the rhizome allows the plant to tolerate 
a wide range of soil salinities, as well as other forms of local disturbance. The 
presence of rhizome growth form was identified as the causative factor for rapid 
reestablishment of EPI after flooding destroyed surface stems and leaves [27, 28]. 
The observation of tolerance of EPI to environmental disturbance, due to ecologi-
cal and physiological adaptations, justifies the consideration of EPI as a candidate 
bioindicator species. The use of EPI as a bioindicator species identifies that the 
phenological response patterns of the species to different environmental, ecologi-
cal, and physiological factors is understood. This chapter demonstrates the current 
understanding of the responses of EPI and plant communities near HEAs and two 
natural seeps and represents an illustrative example of plant phenology in field and 
forest ecosystems.
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3. The setting

At WUT, oral history combined with TK led to the initial documentation of 
old and un-abandoned HEAs that were observed to be harming native vegetation 
as well as fouling agricultural fields. Specifically, resident observations included 
woody vegetation downslope of old HEAs that were dead or showed dead branches 
and short height compared with specimens in adjacent habitats that were live and 
taller. Other observations included livestock that shun hay cut from a field with an 
HEA releasing an oil-water slurry downslope through the field. These observations 
led to the abandonment of these HEAs. After these HEAs were abandoned, Premier 
was invited to participate in the discovery of lost HEAs, and this recent work 
represents the basis for this study.

It is prudent to briefly review the history of how HEAs were established at WUT 
during the 1800s, reflecting oral history, government reports, scientific articles, 
photographs, and letters written by Jesuit missionaries. This history also reveals that 
an extremely large forest fire occurred across Manitoulin Island during 1865, with 
areas on WUT having nearly all woody stems burned, and this land described after-
ward as fully cleared, whereas some wet areas and shorelines were spared [25, 29]. 
This regional fire disturbance at WUT likely aided development of HEAs, through 
enhancement of access following the loss of dense forest tracts. A second regional 
disturbance within the WUT forest has been the recent loss of ash (Fraxinus spp.) 
trees due to invasion by emerald ash borer (EAB, Agrilus planipennis). This beetle 
from Asia invaded southern Canada during the early 2000s and now has spread 
extensively within North America [30]. At WUT, most ash have perished during the 
last decade, including black ash (Fraxinus nigra Marshall), green ash (F. pennsylva-
nica Marshall), and white ash (F. americana L.) due to the EAB infestation.

Initial advancement of HEAs at WUT occurred during the summer of 1865 
while other portions of the island burned [31, 32]. The first HEAs were planned to 
focus on oil and followed the McDougall Treaty involving WUT and Upper Canada, 
signed during 1862; it is noteworthy to identify that the WUT community did not 
fully embrace this treaty as only two community members actually signed the 
document [32, 33]. After this treaty, staff from Milwaukee Petroleum Company 
arrived at WUT on May 1 of 1865 to negotiate access. After access was tentatively 
granted by WUT, John Ward, an experienced pioneer in oil well drilling from Oil 
Springs, Ontario, arrived about a month later. Mr. Ward focused the drilling activity 
on limestone outcrops found in close proximity to natural oil seeps evident along 
Smith’s Bay shoreline, an area directly accessible by boat. This initial extraction 
activity yielded a “schooner load” of oil that was shipped south with a request for 
500 wooden barrels to be shipped north. However, the oil extraction ended during 
autumn in 1865 when the Wiikwemkoong community members asked the oil men 
to leave on short notice; their equipment was reportedly left behind [31, 33].

Representatives from the oil industry returned to WUT during the early 1880s 
and proceeded to develop a large number of HEAs despite opposition from the com-
munity [33]. This development was approved by the Government of Canada, as oil 
well licenses facilitated access to WUT for lease areas along the recently described 
Trenton Formation. When these 1880s HEAs were prepared, the initial disturbance 
involved road construction, as land away from the shoreline was targeted. After 
roads were prepared, HEAs were constructed in agricultural fields and forest set-
tings. In agricultural fields, site preparation was a relatively simple activity, while 
forest settings required additional effort. It is probable that some of these forest 
areas used for HEAs in the 1880s were burned during 1865 and included younger 
trees. After a site was cleared, then a wooden oil rig was built around the extraction 
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2. Taxonomy and physiological basis for study
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high tolerance to >8.0 dS/m. Plants are defined to tolerate salinity if there is zero to 
slight reduction in growth (<10%). Eastern poison ivy demonstrates an ability to 
tolerate elevated concentrations of soil salinity, often within the medium tolerance 
category [22, 23].

Such reports of tolerance of EPI to soil salinity include a range of responses, 
depending on the locale of the study [22, 23]. It is likely this range of responses is 
a direct response to rhizome growth forms with roots and stems extending over 
large areas. This pattern indicates that the rhizome allows the plant to tolerate 
a wide range of soil salinities, as well as other forms of local disturbance. The 
presence of rhizome growth form was identified as the causative factor for rapid 
reestablishment of EPI after flooding destroyed surface stems and leaves [27, 28]. 
The observation of tolerance of EPI to environmental disturbance, due to ecologi-
cal and physiological adaptations, justifies the consideration of EPI as a candidate 
bioindicator species. The use of EPI as a bioindicator species identifies that the 
phenological response patterns of the species to different environmental, ecologi-
cal, and physiological factors is understood. This chapter demonstrates the current 
understanding of the responses of EPI and plant communities near HEAs and two 
natural seeps and represents an illustrative example of plant phenology in field and 
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represents the basis for this study.
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during the 1800s, reflecting oral history, government reports, scientific articles, 
photographs, and letters written by Jesuit missionaries. This history also reveals that 
an extremely large forest fire occurred across Manitoulin Island during 1865, with 
areas on WUT having nearly all woody stems burned, and this land described after-
ward as fully cleared, whereas some wet areas and shorelines were spared [25, 29]. 
This regional fire disturbance at WUT likely aided development of HEAs, through 
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Initial advancement of HEAs at WUT occurred during the summer of 1865 
while other portions of the island burned [31, 32]. The first HEAs were planned to 
focus on oil and followed the McDougall Treaty involving WUT and Upper Canada, 
signed during 1862; it is noteworthy to identify that the WUT community did not 
fully embrace this treaty as only two community members actually signed the 
document [32, 33]. After this treaty, staff from Milwaukee Petroleum Company 
arrived at WUT on May 1 of 1865 to negotiate access. After access was tentatively 
granted by WUT, John Ward, an experienced pioneer in oil well drilling from Oil 
Springs, Ontario, arrived about a month later. Mr. Ward focused the drilling activity 
on limestone outcrops found in close proximity to natural oil seeps evident along 
Smith’s Bay shoreline, an area directly accessible by boat. This initial extraction 
activity yielded a “schooner load” of oil that was shipped south with a request for 
500 wooden barrels to be shipped north. However, the oil extraction ended during 
autumn in 1865 when the Wiikwemkoong community members asked the oil men 
to leave on short notice; their equipment was reportedly left behind [31, 33].

Representatives from the oil industry returned to WUT during the early 1880s 
and proceeded to develop a large number of HEAs despite opposition from the com-
munity [33]. This development was approved by the Government of Canada, as oil 
well licenses facilitated access to WUT for lease areas along the recently described 
Trenton Formation. When these 1880s HEAs were prepared, the initial disturbance 
involved road construction, as land away from the shoreline was targeted. After 
roads were prepared, HEAs were constructed in agricultural fields and forest set-
tings. In agricultural fields, site preparation was a relatively simple activity, while 
forest settings required additional effort. It is probable that some of these forest 
areas used for HEAs in the 1880s were burned during 1865 and included younger 
trees. After a site was cleared, then a wooden oil rig was built around the extraction 
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point. A wood barrel was then usually placed next to the rig, to collect the oil-water 
slurry; natural gas wells also had a collection barrel. These barrels allowed for the 
separation of oil and water via gravity, but it is not clear if it was necessary to sepa-
rate water from the natural gas. Abandonment studies to date have revealed collec-
tion barrels in agricultural fields which were placed on grade, while in the forests, 
they were buried. Collection barrels documented at WUT in fields had dimensions 
with a width of 3–4 m and height of 3–4 m, while barrels abandoned during 2016 in 
forests had widths of 3–4 and depth up to 6 m [21]. This design implies the larger 
barrels needed to be placed below grade, to support the weight and facilitate gravity 
separation of the oil and water slurry [21].

All wells were drilled by hand, with help from horses. Abandonment stud-
ies led by WUT from 2014 to 2017 years revealed the depth of the drilled holes 
ranging from 105 to 130 m for oil sites and up to 337 m for natural gas [21]. The 
presence of porous limestone of the Trenton Formation across WUT provides a 
simple explanation why the HEAs involved this range of depths. These depths 
also reveal that the wells could have been more shallow, as it is now known that 
these depths penetrated the hydrocarbon-bearing strata and then entered the 
deep groundwater strata [34]. It was reported [34] that drilling of hydrocarbon 
wells in Ontario during the 1800s and 1900s included the systemic problem of 
over-drilling oil strata followed by penetration of deep groundwater. When an oil 
well is over-drilled, it is often associated with initial high yields of an oil-water 
slurry; however, the longevity of the well is shortened due to the high volumes of 
water that are interacting with the oil at depth. In the case of the natural gas wells 
at WUT, it appears they did not produce excessive quantities of water, based on 
abandonment activities [21].

Hydrocarbon extraction at WUT ended in 1905, after 20+ years, when the 
men were evicted and the structures burned [21]. Pipes at HEAs were often cut 
below grade. Then, some pipe holes were filled with soil and rock, and graded, to 
reduce risk from falling in to these hazards. This history identifies that all known 
HEAs were burned, indicating a common disturbance history for the forest and 
field settings. This 1905 burning followed the 1865 forest fire, representing key 
disturbance events shaping the plant communities associated with most HEAs at 
WUT. After this period, many HEAs near or within forests experienced regenera-
tion, although the species composition of trees differs from historical forest com-
position (described below). In contrast, HEAs located in agricultural fields were 
often maintained as fields, through regular cutting of the herbaceous vegetation. 
Studies [15] at WUT documented that for seven HEAs, the soil concentrations of 
hydrocarbons were elevated in close proximity to HEAs, but these concentrations 
rapidly declined with distance from the HEAs. This elevation of hydrocarbons at 
an HEA was attributed to extraction while the lower concentrations attributed to 
bacterial degradation of hydrocarbons downslope. These low concentrations of soil 
hydrocarbons downslope from HEAs provide additional evidence that it is brine 
causing disturbance to the plant communities [21].

This study considers the diversity and distribution of plants and EPI associated 
with HEAs located in forest and field settings at WUT, as described in Table 1. 
These plant associations reflect past field surveys that focused on the common 
plants [25] near HEAs. Initial observations at HEAs revealed that the plant com-
munity was less diverse and these plants were distributed in what was documented 
as a predictable manner in proximity to HEAs and this led to the preparation of this 
study [21]. Hence, this study does not focus on the morphological or phenological 
aspects of plant specimens near or around HEAs. However, aspects of morphology 
and phenology are considered while interpreting the diversity and distribution of 
plants in forest and field settings associated with HEAs.
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4. Chemistry of water from HEAs and seeps

Studies of oil and gas wells generally, as well as for those located across the 
Trenton Formation, revealed brine is readily evident and the chemistry reflects 
local limestone composition [19, 20, 35]. Hence, wells within a short distance can 
show variations in concentrations of key elements. General features of brine within 
the Trenton Formation describe this water as having a near neutral pH (5.5–7.0) 
with elevated concentrations of elements that can be described generally as follows: 
Cl >100,000 mg/L, Na >50,000 mg/L, Ca > 20,000 mg/L, Sr. > 5000 mg/L, Mg 
>2000 mg/L, K > 2000 mg/L, Ba >2000 mg/L, Bo >1000 mg/L, SO4

–2 > 500 mg/L, 
and Fe > 300 mg/L [19, 35]. This general composition of brine represents concen-
trations of elements that are potentially harmful to aquatic and terrestrial life and 
why this water is regulated under Ontario’s Oil, Gas and Salt Resources Act. This need 
to control the release of brine can be illustrated by considering the Cl surface water 
quality guideline in Canada to protect aquatic life during short-term exposure is 
640 mg/L and long-term exposure is 120 mg/L [36] while brine may contain Cl at 
>100,000 mg/L. Thus, water from HEAs can be regarded as hazardous to plants and 
wildlife, even in small quantities. Water samples collected by WUT confirmed the 
presence of brine at HEAs.

5. Results

Integration of available information from WUT, scientific literature, and field 
inspections allowed for the identification of a list of plants associated with HEAs in 
field and forest habitats (Tables 2–4). The first forest habitat type is dominated by 
balsam poplar (Populus balsamifera L.) and the second forest habitat dominated by 
balsam fir (Abies balsamea L.) and eastern white cedar (Thuja occidentalis L.). When 
the plant associations with HEAs were identified, they were intended to represent 
spatial patterns concerning the general plant community found in each area, as 

Site (current habitat) Plant association with EPI HEA

A (forest) Ostrich fern (Matteuccia struthiopteris L.), balsam poplar (Populus 
balsamifera L.)

Wood crib

B (forest) Marsh horsetail (Equisetum palustre L.), balsam poplar Metal pipe

C (forest) Ostrich fern, balsam poplar Metal pipe

D (forest) Smooth Solomon’s seal (Polygonatum biflorum Walter), balsam 
poplar

Metal pipe

E (forest) Common lady fern (Athyrium filix-femina L.), balsam poplar Wood crib

F (forest) Common lady fern, balsam poplar Wood crib

G (field) Red osier dogwood (Cornus sericea L.) Metal pipe

H (field) Timothy Phleum pratense (L.), Virginia strawberry (Fragaria 
virginiana Duchesne)

Metal pipe

I (field) Timothy, Virginia strawberry Metal pipe

J (roadside ditch) Raspberry (Rubus arcticus (L.), Virginia strawberry Metal pipe

K (field) Virginia strawberry Natural seep

At each site, the main plant association with EPI and HEA is noted along with the type of HEA.
Plant identifications follow the standard guide for Manitoulin Island [25].

Table 1. 
Summary of forest and field sites considered in this study.
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below grade. Then, some pipe holes were filled with soil and rock, and graded, to 
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hydrocarbons were elevated in close proximity to HEAs, but these concentrations 
rapidly declined with distance from the HEAs. This elevation of hydrocarbons at 
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Plants found in poplar forest settings within 30 m of 
HEA

Plants within 5 m 
of HEA

Plants within 1 m of 
HEA

A B C D A B C D

Apple (Malus domestica Borkh.) X X X X

Arctic sweet coltsfoot (Petasites frigidus L.)

Balsam poplar (Populus balsamifera L.) X X X X X X X

Balsam fir (Abies balsamea L.) X X X

Bebb’s sedge (Carex bebbii Olney ex Fernald)

Black ash (Fraxinus nigra Marshall) X X X X

Black cherry (Prunus serotina Ehrh.)

Black medic (Medicago lupulina L.) X X

Black spruce (Picea mariana Mill.) X

Blue-joint (Calamagrostis canadensis Michx.)

Bur oak (Quercus macrocarpa Michx.)

Canada goldenrod (Solidago canadensis L.) X X X X

Canada thistle (Cirsium arvense L.)

Cinnamon fern (Osmunda cinnamomea L.)

Chestnut sedge (Carex castanea Wahlenb.) X

Columbine (Aquilegia canadensis L.) X

Common buckthorn (Rhamnus cathartica L.) X

Common dandelion (Taraxacum officinale Ledeb.) X X X X

Common ragweed (Ambrosia artemisiifolia L.)

Common evening primrose (Oenothera biennis L.)

Common lady fern (Athyrium filix-femina L.)

Common milkweed (Asclepias syriaca L.)

Common mullein (Verbascum thapsus L.)

Common raspberry (Rubus arcticus L.) X X X X

Common yarrow (Achillea millefolium L.)

Daisy fleabane (Erigeron annuus L.)

Eastern bracken fern (Pteridium aquilinum L.)

Eastern cottonwood (Populus deltoides W. Bartram ex Marshall)

Eastern poison ivy (Toxicodendron radicans L.) X X X X X

Eastern white cedar (Thuja occidentalis L.)

False Solomon’s seal (Maianthemum racemosum L.)

Green ash (Fraxinus pennsylvanica Marshall)

Ground juniper (Juniperus communis L.) X

Golden sedge (Carex aurea Nutt.) X X

Heal-all (Prunella vulgaris L.)

Lesser burdock (Arctium minus Bernh.)

Longroot smartweed (Polygonum coccineum Muhl. ex 
Willd.)

Mapleleaf viburnum (Viburnum acerifolium L.) X X X

Marginal wood fern (Dryopteris marginalis L.) X

Marsh horsetail (Equisetum palustre L.) X X X X

Multiflora rose (Rosa multiflora Thunb.)
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well as the plant species tolerant of these habitats, within ~5 m and within 1 m of an 
HEA. These community associations show how diverse plant communities become 
depauperate with increased proximity to the HEAs and how EPI is consistently the 
most common species within 1 m of HEAs.

Using Ontario’s Ecological Land Classification (ELC) strategy [37] and the lists 
of common plants associated with the HEAs (Tables 2–4), the ecosites associated 

Plants found in poplar forest settings within 30 m of 
HEA

Plants within 5 m 
of HEA

Plants within 1 m of 
HEA

A B C D A B C D

New England aster (Symphyotrichum novae-angliae L.) X X

Northern bugleweed (Lycopus uniflorus Michx.)

Northern red oak (Quercus rubra L.)

Orange daylily (Hemerocallis fulva L.) X

Ostrich fern (Matteuccia struthiopteris L.) X X

Quaking aspen (Populus tremuloides Michx.)

Red maple (Acer rubrum L.) X X

Red osier dogwood (Cornus sericea L.)

Riverbank grape (Vitis riparia Michx.) X X X X X

Rough bedstraw (Galium asprellum Michx.)

Sensitive fern (Onoclea sensibilis L.)

Silver maple (Acer saccharinum L.)

Smooth Solomon’s seal (Polygonatum biflorum Walter) X

Spotted jewelweed (Impatiens capensis Meerb.) X X X X

Spotted joe-pye weed (Eutrochium maculatum L.)

Staghorn sumac (Rhus typhina L.)

St. John’s wort (Hypericum perforatum L.)

Stinging nettle (Urtica dioica L.) X X

Sweet white clover (Melilotus officinalis L.)

Sugar maple (Acer saccharum Marshall)

Tall buttercup (Ranunculus acris L.) X

Tamarack (Larix laricina Du Roi)

Virginia strawberry (Fragaria virginiana Duchesne) X X X X X

White ash (Fraxinus americana L.) X

White birch (Betula papyrifera Marshall) X X X

White oak (Quercus alba L.)

White spruce (Picea glauca Moench)

White trillium (Trillium grandiflorum Michx.)

Wild carrot (Daucus carota L.) X X X X

Yellow daylily (Hemerocallis lilioasphodelus L.)

Yellow hawkweed (Hieracium piloselloides Vill.) X X

Yellow sedge (Carex flava L.)

These settings included site A with wood crib, site B with pipe that was bubbling natural gas, site C with pipe draining 
water to long drainage channel, and site D representing a dry pipe in a forest.

Table 2. 
Representation of common plant species found at different distances from HEAs in forests dominated by balsam 
poplar [25].
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Plants found in poplar forest settings within 30 m of 
HEA

Plants within 5 m 
of HEA

Plants within 1 m of 
HEA

A B C D A B C D

Apple (Malus domestica Borkh.) X X X X

Arctic sweet coltsfoot (Petasites frigidus L.)

Balsam poplar (Populus balsamifera L.) X X X X X X X

Balsam fir (Abies balsamea L.) X X X

Bebb’s sedge (Carex bebbii Olney ex Fernald)

Black ash (Fraxinus nigra Marshall) X X X X

Black cherry (Prunus serotina Ehrh.)

Black medic (Medicago lupulina L.) X X

Black spruce (Picea mariana Mill.) X

Blue-joint (Calamagrostis canadensis Michx.)

Bur oak (Quercus macrocarpa Michx.)

Canada goldenrod (Solidago canadensis L.) X X X X

Canada thistle (Cirsium arvense L.)

Cinnamon fern (Osmunda cinnamomea L.)

Chestnut sedge (Carex castanea Wahlenb.) X

Columbine (Aquilegia canadensis L.) X

Common buckthorn (Rhamnus cathartica L.) X

Common dandelion (Taraxacum officinale Ledeb.) X X X X

Common ragweed (Ambrosia artemisiifolia L.)

Common evening primrose (Oenothera biennis L.)

Common lady fern (Athyrium filix-femina L.)

Common milkweed (Asclepias syriaca L.)

Common mullein (Verbascum thapsus L.)

Common raspberry (Rubus arcticus L.) X X X X

Common yarrow (Achillea millefolium L.)

Daisy fleabane (Erigeron annuus L.)

Eastern bracken fern (Pteridium aquilinum L.)

Eastern cottonwood (Populus deltoides W. Bartram ex Marshall)

Eastern poison ivy (Toxicodendron radicans L.) X X X X X

Eastern white cedar (Thuja occidentalis L.)

False Solomon’s seal (Maianthemum racemosum L.)

Green ash (Fraxinus pennsylvanica Marshall)

Ground juniper (Juniperus communis L.) X

Golden sedge (Carex aurea Nutt.) X X

Heal-all (Prunella vulgaris L.)

Lesser burdock (Arctium minus Bernh.)

Longroot smartweed (Polygonum coccineum Muhl. ex 
Willd.)

Mapleleaf viburnum (Viburnum acerifolium L.) X X X

Marginal wood fern (Dryopteris marginalis L.) X

Marsh horsetail (Equisetum palustre L.) X X X X

Multiflora rose (Rosa multiflora Thunb.)
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well as the plant species tolerant of these habitats, within ~5 m and within 1 m of an 
HEA. These community associations show how diverse plant communities become 
depauperate with increased proximity to the HEAs and how EPI is consistently the 
most common species within 1 m of HEAs.

Using Ontario’s Ecological Land Classification (ELC) strategy [37] and the lists 
of common plants associated with the HEAs (Tables 2–4), the ecosites associated 

Plants found in poplar forest settings within 30 m of 
HEA

Plants within 5 m 
of HEA

Plants within 1 m of 
HEA

A B C D A B C D

New England aster (Symphyotrichum novae-angliae L.) X X

Northern bugleweed (Lycopus uniflorus Michx.)

Northern red oak (Quercus rubra L.)

Orange daylily (Hemerocallis fulva L.) X

Ostrich fern (Matteuccia struthiopteris L.) X X

Quaking aspen (Populus tremuloides Michx.)

Red maple (Acer rubrum L.) X X

Red osier dogwood (Cornus sericea L.)

Riverbank grape (Vitis riparia Michx.) X X X X X

Rough bedstraw (Galium asprellum Michx.)

Sensitive fern (Onoclea sensibilis L.)

Silver maple (Acer saccharinum L.)

Smooth Solomon’s seal (Polygonatum biflorum Walter) X

Spotted jewelweed (Impatiens capensis Meerb.) X X X X

Spotted joe-pye weed (Eutrochium maculatum L.)

Staghorn sumac (Rhus typhina L.)

St. John’s wort (Hypericum perforatum L.)

Stinging nettle (Urtica dioica L.) X X

Sweet white clover (Melilotus officinalis L.)

Sugar maple (Acer saccharum Marshall)

Tall buttercup (Ranunculus acris L.) X

Tamarack (Larix laricina Du Roi)

Virginia strawberry (Fragaria virginiana Duchesne) X X X X X

White ash (Fraxinus americana L.) X

White birch (Betula papyrifera Marshall) X X X

White oak (Quercus alba L.)

White spruce (Picea glauca Moench)

White trillium (Trillium grandiflorum Michx.)

Wild carrot (Daucus carota L.) X X X X

Yellow daylily (Hemerocallis lilioasphodelus L.)

Yellow hawkweed (Hieracium piloselloides Vill.) X X

Yellow sedge (Carex flava L.)

These settings included site A with wood crib, site B with pipe that was bubbling natural gas, site C with pipe draining 
water to long drainage channel, and site D representing a dry pipe in a forest.

Table 2. 
Representation of common plant species found at different distances from HEAs in forests dominated by balsam 
poplar [25].
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Plants found in white cedar-balsam Fir forest within 100 m 
of HEA

Plants within 5 m 
of HEA

Plants within 1 m 
of HEA

E F E F

American basswood (Tilia americana L.)

Apple (Malus domestica L.)

Arctic sweet coltsfoot (Petasites frigidus L.)

Balsam poplar (Populus balsamifera L.) X X X X

Balsam fir (Abies balsamea L.) X X X X

Bebb’s sedge (Carex bebbii Olney ex Fernald)

Bebb’s willow (Salix bebbiana Sarg.)

Black ash (Fraxinus nigra Marshall) X X

Black cherry (Prunus serotina Ehrh.)

Black medic (Medicago lupulina L.)

Black raspberry (Rubus occidentalis L.)

Black spruce (Picea mariana Mill.)

Blue-joint (Calamagrostis canadensis Michx.)

Canada goldenrod (Solidago canadensis L.) X

Canada thistle (Cirsium arvense L.)

Cinnamon fern (Osmunda cinnamomea L.)

Chestnut sedge (Carex castanea Wahlenb.)

Columbine (Aquilegia canadensis L.)

Common buckthorn (Rhamnus cathartica L.)

Common dandelion (Taraxacum officinale Ledeb.) X X

Common ragweed (Ambrosia artemisiifolia L.)

Common evening primrose (Oenothera biennis L.) X

Common lady fern (Athyrium filix-femina L.) X X

Common milkweed (Asclepias syriaca L.)

Common mullein (Verbascum thapsus L.)

Common raspberry (Rubus arcticus L.) X X

Common yarrow (Achillea millefolium L.)

Daisy fleabane (Erigeron annuus L.)

Eastern bracken fern (Pteridium aquilinum L.) X X X X

Eastern cottonwood (Populus deltoides W. Bartram ex Marshall)

Eastern poison ivy (Toxicodendron radicans L.) X X

Eastern white cedar (Thuja occidentalis L.) X X

False Solomon’s seal (Maianthemum racemosum L.) X X

Green ash (Fraxinus pennsylvanica Marshall)

Ground juniper (Juniperus communis L.) X X

Golden sedge (Carex aurea Nutt.)

Heal-all (Prunella vulgaris L.)

Hoary willow (Salix candida Flügge ex Willd.)

Large-toothed aspen (Populus grandidentata Michaux)

Lesser burdock (Arctium minus Bernh.)
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Plants found in white cedar-balsam Fir forest within 100 m 
of HEA

Plants within 5 m 
of HEA

Plants within 1 m 
of HEA

E F E F

Longroot smartweed (Polygonum coccineum Muhl. ex Willd.)

Northern maidenhair fern (Adiantum pedatum L.)

Mapleleaf viburnum (Viburnum acerifolium L.) X X X

Marginal wood fern (Dryopteris marginalis L.)

Marsh horsetail (Equisetum palustre L.)

Multiflora rose (Rosa multiflora Thunb.)

New England aster (Symphyotrichum novae-angliae L.)

Northern bugleweed (Lycopus uniflorus Michx.)

Northern maidenhair (Adiantum pedatum L.) X X

Northern red oak (Quercus rubra L.)

Orange daylily (Hemerocallis fulva L.)

Ostrich fern (Matteuccia struthiopteris L.)

Pussy willow (Salix discolor Muhlenb.)

Quaking aspen (Populus tremuloides Michx.)

Red maple (Acer rubrum L.) X X X X

Red osier dogwood (Cornus sericea L.)

Red spruce (Picea rubens Sarg.)

Riverbank grape (Vitis riparia Michx.) X X

Rough bedstraw (Galium asprellum Michx.)

Sensitive fern (Onoclea sensibilis L.)

Shining willow (Salix lucida Muhlenb.)

Silver maple (Acer saccharinum L.)

Smooth Solomon’s seal (Polygonatum biflorum Walter)

Spotted jewelweed (Impatiens capensis Meerb.) X X

Spotted joe-pye weed (Eutrochium maculatum L.)

St. John’s wort (Hypericum perforatum L.)

Stinging nettle (Urtica dioica L.)

Sweet white clover (Melilotus officinalis L.)

Sugar maple (Acer saccharum Marshall) X

Tall buttercup (Ranunculus acris L.)

Tamarack (Larix laricina Du Roi)

Virginia strawberry (Fragaria virginiana Duchesne) X X X

Western bracken fern (Pteridium aquilinum L. Kuhn)

White ash (Fraxinus americana L.)

White birch (Betula papyrifera Marshall) X X X

White spruce (Picea glauca Moench)

White trillium (Trillium grandiflorum Michx.)

Wild carrot (Daucus carota L.)

Yellow birch (Betula alleghaniensis Britton) X X

Yellow daylily (Hemerocallis lilioasphodelus L.)
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Plants found in white cedar-balsam Fir forest within 100 m 
of HEA

Plants within 5 m 
of HEA

Plants within 1 m 
of HEA

E F E F
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Black ash (Fraxinus nigra Marshall) X X

Black cherry (Prunus serotina Ehrh.)

Black medic (Medicago lupulina L.)
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Black spruce (Picea mariana Mill.)

Blue-joint (Calamagrostis canadensis Michx.)

Canada goldenrod (Solidago canadensis L.) X

Canada thistle (Cirsium arvense L.)

Cinnamon fern (Osmunda cinnamomea L.)

Chestnut sedge (Carex castanea Wahlenb.)

Columbine (Aquilegia canadensis L.)

Common buckthorn (Rhamnus cathartica L.)

Common dandelion (Taraxacum officinale Ledeb.) X X
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Common evening primrose (Oenothera biennis L.) X

Common lady fern (Athyrium filix-femina L.) X X

Common milkweed (Asclepias syriaca L.)

Common mullein (Verbascum thapsus L.)

Common raspberry (Rubus arcticus L.) X X
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Daisy fleabane (Erigeron annuus L.)
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Eastern white cedar (Thuja occidentalis L.) X X
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Green ash (Fraxinus pennsylvanica Marshall)
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Golden sedge (Carex aurea Nutt.)
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Plants found in white cedar-balsam Fir forest within 100 m 
of HEA

Plants within 5 m 
of HEA

Plants within 1 m 
of HEA

E F E F

Longroot smartweed (Polygonum coccineum Muhl. ex Willd.)

Northern maidenhair fern (Adiantum pedatum L.)

Mapleleaf viburnum (Viburnum acerifolium L.) X X X

Marginal wood fern (Dryopteris marginalis L.)

Marsh horsetail (Equisetum palustre L.)

Multiflora rose (Rosa multiflora Thunb.)

New England aster (Symphyotrichum novae-angliae L.)

Northern bugleweed (Lycopus uniflorus Michx.)

Northern maidenhair (Adiantum pedatum L.) X X

Northern red oak (Quercus rubra L.)

Orange daylily (Hemerocallis fulva L.)

Ostrich fern (Matteuccia struthiopteris L.)

Pussy willow (Salix discolor Muhlenb.)

Quaking aspen (Populus tremuloides Michx.)

Red maple (Acer rubrum L.) X X X X

Red osier dogwood (Cornus sericea L.)

Red spruce (Picea rubens Sarg.)

Riverbank grape (Vitis riparia Michx.) X X

Rough bedstraw (Galium asprellum Michx.)

Sensitive fern (Onoclea sensibilis L.)

Shining willow (Salix lucida Muhlenb.)

Silver maple (Acer saccharinum L.)

Smooth Solomon’s seal (Polygonatum biflorum Walter)

Spotted jewelweed (Impatiens capensis Meerb.) X X

Spotted joe-pye weed (Eutrochium maculatum L.)

St. John’s wort (Hypericum perforatum L.)

Stinging nettle (Urtica dioica L.)

Sweet white clover (Melilotus officinalis L.)

Sugar maple (Acer saccharum Marshall) X

Tall buttercup (Ranunculus acris L.)

Tamarack (Larix laricina Du Roi)

Virginia strawberry (Fragaria virginiana Duchesne) X X X

Western bracken fern (Pteridium aquilinum L. Kuhn)

White ash (Fraxinus americana L.)

White birch (Betula papyrifera Marshall) X X X

White spruce (Picea glauca Moench)

White trillium (Trillium grandiflorum Michx.)

Wild carrot (Daucus carota L.)

Yellow birch (Betula alleghaniensis Britton) X X

Yellow daylily (Hemerocallis lilioasphodelus L.)
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Plants found in field settings at WUT with 100 m 
of HEA

Plants within 5 m of HEA Plants within 1 m of 
HEA

H I J K L H I J K L

Apple (Malus domestica L.) X X X X

Black raspberry (Rubus occidentalis L.) X X

Bedstraw (Galium aparine L.) X X

Black locust (Robinia pseudoacacia L.) X X

Calico aster (Symphyotrichum lateriflorum L.) X X X

Canada anemone (Anemone canadensis L.) X

Canada goldenrod (Solidago canadensis L.) X X X X X

Columbine (Aquilegia canadensis L.) X X

Common buckthorn (Rhamnus cathartica L.)

Common dandelion (Taraxacum officinale Ledeb.) X X X X X X

Common ragweed (Ambrosia artemisiifolia L.) X X X X X X

Common evening primrose (Oenothera biennis L.) X X X X

Common milkweed (Asclepias syriaca L.) X X X

Common mullein (Verbascum thapsus L.)

Common raspberry (Rubus arcticus L.) X X X X

Common yarrow (Achillea millefolium L.) X X

Crawe’s sedge (Carex crawei Dewey) X

Daisy fleabane (Erigeron annuus L.) X X

Eastern poison ivy (Toxicodendron radicans L.) X X X X X X

Ebony sedge (Carex eburnea Boott) X X X

Glossy buckthorn (Rhamnus frangula Mill.)

Hairy goldenrod (Solidago hispida Muhl. ex Willd.) X

Heal-all (Prunella vulgaris L.) X X

Houghton’s goldenrod (Oligoneuron houghtonii Torr. & 
A. Gray ex A. Gray)

Lesser burdock (Arctium minus Bernh.) X X X

Little bluestem (Schizachyrium scoparium Michx.) X X X X

Little green sedge (Carex viridula Michx.)

Multiflora rose (Rosa multiflora Thunb.) X X X

New England aster (Symphyotrichum novae-angliae L.) X X X X X

Plants found in white cedar-balsam Fir forest within 100 m 
of HEA

Plants within 5 m 
of HEA

Plants within 1 m 
of HEA

E F E F

Yellow hawkweed (Hieracium piloselloides Vill.)

Yellow sedge (Carex flava L.)

These settings included site E with wood crib and site F with wood crib.

Table 3. 
Representation of common plant species found at different distances from HEAs in forests dominated by eastern 
white cedar-balsam fir forest along the shoreline of Cape Smith [25].
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with HEAs at WUT were identified. This included forest dominated by balsam 
poplar reflecting past forest clearing efforts during the hydrocarbon extraction 
period of the late 1800s. These forest areas now represent Fresh-Moist Poplar 
Deciduous Forest (FOD8-1) with balsam poplar as the dominant species. Other tree 
species include conifers such as eastern white cedar, balsam fir, white spruce (Picea 
glauca Moench), black spruce (P. mariana Mill.), and red spruce (P. rubens Sarg.). 
Deciduous species include American basswood (Tilia americana L.), American elm 
(Ulmus Americana L.), black cherry (Prunus serotina Ehrh.), red maple, red oak, 
staghorn sumac (Rhus typhina L.), sugar maple (A. saccharum Marshall), tamarack 
(Larix laricina Du Roi), white birch (Betula papyrifera Marshall), and white oak (Q. 
alba L.); ash species included black ash predominantly in wetlands along with green 
ash and white ash in well-drained areas. Nearly all ash species have died recently 
due to infestation by EAB. Most American elms were also dead at WUT, due to past 
exposure to Dutch elm disease. In contrast, bur oak (Q. macrocarpa Michx.) is a 

Plants found in field settings at WUT with 100 m 
of HEA

Plants within 5 m of HEA Plants within 1 m of 
HEA

H I J K L H I J K L

Ohio goldenrod (Oligoneuron ohioense Frank ex 
Riddell)

X

Orange daylily (Hemerocallis fulva L.) X X

Poverty oatgrass (Danthonia spicata L.) X X X

Prairie smoke (Geum triflorum Pursh) X X

Red osier dogwood (Cornus sericea L.) X X X

Riverbank grape (Vitis riparia Michx.) X X X X X X

Shrubby cinquefoil (Dasiphora fruticosa L.) X X X

Smooth blue aster (Symphyotrichum laeve L.)

St. John’s wort (Hypericum perforatum L.) X X

Staghorn sumac (Rhus typhina L.)

Stinging nettle (Urtica dioica L.) X X

Sweet white clover (Melilotus officinalis L.) X

Tall buttercup (Ranunculus acris L.) X X X

Timothy (Phleum pratense L.) X X X X X X

Virginia strawberry (Fragaria virginiana Duchesne) X X X X X X X

Upland white goldenrod (Oligoneuron album Nutt.)

White clover (Trifolium repens L.) X X X X X

White snakeroot (Ageratina altissima L.)

Wild bergamot (Monarda fistulosa L.) X X

Wild carrot (Daucus carota L.) X X X X

Woolly panic grass (Dichanthelium acuminatum Sw.)

Yellow daylily (Hemerocallis lilioasphodelus L.) X X

Yellow hawkweed (Hieracium piloselloides Vill.) X X X X

These settings included site H with a pipe actively draining oil brine, site I with capped pipe, site J with pipe with no 
cap and no brine, site K with pipe in roadside ditch, and site L as patch of EPI in field representing a groundwater seep.

Table 4. 
Representation of common plant species found at different distances from HEAs in field settings [25].
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Plants found in field settings at WUT with 100 m 
of HEA

Plants within 5 m of HEA Plants within 1 m of 
HEA

H I J K L H I J K L

Apple (Malus domestica L.) X X X X

Black raspberry (Rubus occidentalis L.) X X

Bedstraw (Galium aparine L.) X X

Black locust (Robinia pseudoacacia L.) X X

Calico aster (Symphyotrichum lateriflorum L.) X X X

Canada anemone (Anemone canadensis L.) X

Canada goldenrod (Solidago canadensis L.) X X X X X

Columbine (Aquilegia canadensis L.) X X

Common buckthorn (Rhamnus cathartica L.)

Common dandelion (Taraxacum officinale Ledeb.) X X X X X X

Common ragweed (Ambrosia artemisiifolia L.) X X X X X X

Common evening primrose (Oenothera biennis L.) X X X X

Common milkweed (Asclepias syriaca L.) X X X

Common mullein (Verbascum thapsus L.)

Common raspberry (Rubus arcticus L.) X X X X

Common yarrow (Achillea millefolium L.) X X

Crawe’s sedge (Carex crawei Dewey) X

Daisy fleabane (Erigeron annuus L.) X X

Eastern poison ivy (Toxicodendron radicans L.) X X X X X X

Ebony sedge (Carex eburnea Boott) X X X

Glossy buckthorn (Rhamnus frangula Mill.)

Hairy goldenrod (Solidago hispida Muhl. ex Willd.) X

Heal-all (Prunella vulgaris L.) X X

Houghton’s goldenrod (Oligoneuron houghtonii Torr. & 
A. Gray ex A. Gray)

Lesser burdock (Arctium minus Bernh.) X X X

Little bluestem (Schizachyrium scoparium Michx.) X X X X

Little green sedge (Carex viridula Michx.)

Multiflora rose (Rosa multiflora Thunb.) X X X

New England aster (Symphyotrichum novae-angliae L.) X X X X X

Plants found in white cedar-balsam Fir forest within 100 m 
of HEA

Plants within 5 m 
of HEA

Plants within 1 m 
of HEA

E F E F

Yellow hawkweed (Hieracium piloselloides Vill.)

Yellow sedge (Carex flava L.)

These settings included site E with wood crib and site F with wood crib.

Table 3. 
Representation of common plant species found at different distances from HEAs in forests dominated by eastern 
white cedar-balsam fir forest along the shoreline of Cape Smith [25].
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with HEAs at WUT were identified. This included forest dominated by balsam 
poplar reflecting past forest clearing efforts during the hydrocarbon extraction 
period of the late 1800s. These forest areas now represent Fresh-Moist Poplar 
Deciduous Forest (FOD8-1) with balsam poplar as the dominant species. Other tree 
species include conifers such as eastern white cedar, balsam fir, white spruce (Picea 
glauca Moench), black spruce (P. mariana Mill.), and red spruce (P. rubens Sarg.). 
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Plants found in field settings at WUT with 100 m 
of HEA

Plants within 5 m of HEA Plants within 1 m of 
HEA

H I J K L H I J K L

Ohio goldenrod (Oligoneuron ohioense Frank ex 
Riddell)

X

Orange daylily (Hemerocallis fulva L.) X X

Poverty oatgrass (Danthonia spicata L.) X X X

Prairie smoke (Geum triflorum Pursh) X X

Red osier dogwood (Cornus sericea L.) X X X

Riverbank grape (Vitis riparia Michx.) X X X X X X

Shrubby cinquefoil (Dasiphora fruticosa L.) X X X

Smooth blue aster (Symphyotrichum laeve L.)

St. John’s wort (Hypericum perforatum L.) X X

Staghorn sumac (Rhus typhina L.)

Stinging nettle (Urtica dioica L.) X X

Sweet white clover (Melilotus officinalis L.) X
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Timothy (Phleum pratense L.) X X X X X X

Virginia strawberry (Fragaria virginiana Duchesne) X X X X X X X
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White clover (Trifolium repens L.) X X X X X
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These settings included site H with a pipe actively draining oil brine, site I with capped pipe, site J with pipe with no 
cap and no brine, site K with pipe in roadside ditch, and site L as patch of EPI in field representing a groundwater seep.

Table 4. 
Representation of common plant species found at different distances from HEAs in field settings [25].
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tree only periodically found in these forests, as it has been previously reported to 
prefer soil conditions on limestone alvars along areas with recent fire history on 
Manitoulin Island [25, 29].

Using ELC [37], the shoreline forest areas of Smith’s Bay were identified as 
Fresh-Moist White Cedar-Balsam Fir Coniferous Forest (FOC4-3). That is, the 
dominant tree species are eastern white cedar and balsam fir along with smaller 
coverage of species such as balsam poplar, white birch, red maple, and yellow birch; 
the herbaceous ground cover is depauperate and sparse, likely due to the closed 
canopy. Oral history revealed these shoreline areas did not burn during the 1865 
fire and were dominated at the time by eastern hemlock and yellow birch in poorly 
drained areas, while eastern white pine (Pinus strobus L.) and red pine (Pinus resi-
nosa Aiton) dominated the well-drained soils. Due to forestry, eastern hemlock, red 
pine, and white pine are now essentially absent from the shoreline of Smith’s Bay 
with HEAs. Small areas of remnant eastern hemlock pine forests still occur at WUT 
but were not targeted for HEAs, as they are in remote areas with very limited access.

The ELC [37] interpretation identified the hay fields as cultural meadow (CUM) 
due to the long history of regular cutting. Although these fields have been cut on a 
regular basis for more than 100 years and show very few trees, the plant community 
includes a diverse array of other herbaceous species likely from seed dispersal, such 
as prairie smoke (Geum triflorum Pursh) along with typical grasses such as timothy 
(Phleum pratense L.).

Each area around the former oil well pipes and wood cribs in forest and field 
settings show depressions in the soil that vary from 5 to 30 cm in depth. This 
observed pattern of soil subsidence suggests compaction during HEA installation 
and past hydrocarbon extraction activities. Recent abandonment activities revealed 
that these areas demonstrate compacted soil to depths ~ 5 m below grade [21]. 
Most metal pipes reported in this study have been abandoned and had well depths 
>110 m, while the wood cribs were variable in construction, and some abandoned 
with well depths >110 m [21].

At forest site A, a rotted wooden crib (~1.2 × ~1.2 m) was found and inferred to 
be an HEA with no well in the structure. In this area, the dominant plants (>75% 
coverage) were ostrich fern (Matteuccia struthiopteris L.) along with a few other 
herbaceous species with the overstory dominated by balsam poplar; other trees in 
close proximity included balsam fir, red maple, and red osier dogwood. The ostrich 
fern was replaced by nearly complete cover (>95%) of EPI within 3–4 m of the 
crib (Figure 2). It is noteworthy to identify that specimens of EPI showed mostly 
bright green leaves and tall plants within 1 m of the crib, while the few specimens 
of ostrich fern that remained showed leaves with chlorosis (Figure 3). In addition, 
the ostrich ferns closest to the crib were ~¼–½ of the height of the specimens a 
few meters away from the crib; some EPI adjacent to the crib also showed chlorosis 
and stunting (Figure 3). This reduction of height of ostrich fern was attributed to 
the HEA. At this site, the balsam poplar was absent within 2–3 m of the crib. The 
balsam poplar in proximity to the crib demonstrated dead branches on the side 
facing the crib (Figure 4). For this crib, the soil was completely devoid of plants 
and covered by detritus and leaf matter (Figure 5). This pattern of herbaceous and 
woody plant dieback with robust EPI around HEAs was consistently evident across 
all forest sites.

Forest site B was in proximity to a metal pipe that contained water with bub-
bling natural gas. The dominant herbaceous plant in the area was marsh horsetail 
(Equisetum palustre) with the overstory dominated by balsam poplar; other trees 
were balsam fir, red maple, and red osier dogwood. At site B, the marsh horsetail 
was essentially absent within about 2–3 m of the pipe with EPI as the dominant 
(>90%) plant in this area. The balsam poplar was also absent within 2–3 m of the 
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pipe, and balsam poplar in proximity to the pipe demonstrated dead branches on 
the side of the tree facing the pipe, in a similar manner as observed at site A. At 1 m 
from the pipe, coverage was about 95% EPI. At 30 cm from the pipe, the soil was 
bare and devoid of plants.

Forest site C also demonstrated extensive marsh horsetail and ostrich fern in an 
area that receives water from a pipe that was initially observed to be dry. At this site, 
a channel extends from the pipe, and EPI is the dominant plant (>90%) along the 
edge of the channel, for a distance of at least 50 m. That is, the soil of the channel 

Figure 2. 
Views from August 2, 2016, show site A in the forest dominated by ostrich fern as groundcover that transitions 
to EPI in close proximity to a rotted wood crib from the 1800s. The view in the figure shows how EPI within 5 m 
of the wood crib was mostly healthy, except for some small EPI specimen with partial chlorosis represented by 
yellow leaves (yellow arrow). However, the ostrich fern demonstrates white and green fronds, also indicative of 
partial chlorosis (white arrow). Also, some ostrich fern shows stunted size and chlorosis (blue arrow).

Figure 3. 
Views from August 2, 2016, show site A in the forest dominated by ostrich fern as groundcover that transitions 
to EPI in close proximity to a rotted wood crib from the 1800s. The view in Figure 2 shows how EPI within 
5 m of the wood crib were mostly healthy, except some small EPI specimen with partial chlorosis represented 
by yellow leaves. However, the ostrich fern demonstrates white and green fronds also indicative of partial 
chlorosis (white arrow). Also, some ostrich fern shows stunted size and chlorosis. Figure shows the area within 
1.5 m of the crib where the density of all plants declines with total chlorosis evident on ostrich fern (white 
arrow).
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tree only periodically found in these forests, as it has been previously reported to 
prefer soil conditions on limestone alvars along areas with recent fire history on 
Manitoulin Island [25, 29].
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bling natural gas. The dominant herbaceous plant in the area was marsh horsetail 
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pipe, and balsam poplar in proximity to the pipe demonstrated dead branches on 
the side of the tree facing the pipe, in a similar manner as observed at site A. At 1 m 
from the pipe, coverage was about 95% EPI. At 30 cm from the pipe, the soil was 
bare and devoid of plants.

Forest site C also demonstrated extensive marsh horsetail and ostrich fern in an 
area that receives water from a pipe that was initially observed to be dry. At this site, 
a channel extends from the pipe, and EPI is the dominant plant (>90%) along the 
edge of the channel, for a distance of at least 50 m. That is, the soil of the channel 

Figure 2. 
Views from August 2, 2016, show site A in the forest dominated by ostrich fern as groundcover that transitions 
to EPI in close proximity to a rotted wood crib from the 1800s. The view in the figure shows how EPI within 5 m 
of the wood crib was mostly healthy, except for some small EPI specimen with partial chlorosis represented by 
yellow leaves (yellow arrow). However, the ostrich fern demonstrates white and green fronds, also indicative of 
partial chlorosis (white arrow). Also, some ostrich fern shows stunted size and chlorosis (blue arrow).

Figure 3. 
Views from August 2, 2016, show site A in the forest dominated by ostrich fern as groundcover that transitions 
to EPI in close proximity to a rotted wood crib from the 1800s. The view in Figure 2 shows how EPI within 
5 m of the wood crib were mostly healthy, except some small EPI specimen with partial chlorosis represented 
by yellow leaves. However, the ostrich fern demonstrates white and green fronds also indicative of partial 
chlorosis (white arrow). Also, some ostrich fern shows stunted size and chlorosis. Figure shows the area within 
1.5 m of the crib where the density of all plants declines with total chlorosis evident on ostrich fern (white 
arrow).
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demonstrates bare earth along with patches of EPI and a few specimens of other 
herbaceous species. The overstory trees in this area are codominant balsam poplar 
and balsam fir; other trees in the area included red maple, red oak, and eastern 
white cedar away from the channel. Most balsam poplars along the channel were 
dead; live balsam poplar was set back from the channel and shows dead branches 
on the side of the channel. Also the balsam fir close to the channel is short, with a 
height of <2 m, while balsam fir upslope was up to ~15 m tall.

At forest site C on September 9, 2017, the channel was observed to contain water 
that appears to have originated from the pipe. This pipe did not generate water 
until after rain storms from the previous 2 weeks. On this date, red maple saplings 
growing close to the channel had green leaves and yellow leaves on the same plant. 
Other red maple found close to the channel was shorter than specimens away from 

Figure 4. 
Views from August 2, 2016, show the groundcover and tree overstory at the rotted wood crib at site A. Figure 
shows a complete absence of live plants within the former wood crib.

Figure 5. 
Views from August 2, 2016, show the groundcover and tree overstory at the rotted wood crib at site A. Figure 
shows dieback of the balsam poplar branches within canopy (yellow arrows) over the former wood crib. 
Dieback in these overstory branches indicates root death.
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the channel (Figure 6). For the EPI in this area, it showed a gradient of responses to 
exposure to channel, based on distance to the water. Eastern poison ivy specimens 
that were in direct contact with the water had all three leaves showing red color, 
while other specimens on the channel above the water line had leaves that were red 
on the water side and yellow-green leaves upslope of the water. The EPI away from 
the channel demonstrated less yellow and red color in the leaves with green color 
evident. In contrast, specimens of EPI found in a short distance upslope had bright 
green leaves with no discoloration (Figure 6). The area closest to the pipe had a few 
very small plants evident (Figure 7). It is inferred the direct contact with water is 
triggering the rapid onset of chlorosis in leaves. Stunted plant height is attributed to 
exposure of soil to brine in the past. These phenological responses to brine exposure 
suggest a mechanism to explain the paucity of plant species, reduced height, and 
low areal coverage.

Figure 6. 
View of site C with iron-stained water that originates from a pipe on September 9, 2017. Figure 6 shows an 
area that is in close proximity to the pipe, with chlorosis evident in red maple sapling (yellow arrow) and EPI 
(white arrow).

Figure 7. 
View of site C with iron-stained water that originates from a pipe on September 9, 2017. Figure shows an 
area in very close proximity to the pipe, with very low density of plants with those evident showing severely 
stunted size.
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Observations at forest site D revealed smooth Solomon’s seal as the most com-
mon species in close proximity to a pipe that contained no water for a period of 
6 months prior to abandonment [21]. A second common plant in the area was 
nonnative dandelion (Taraxacum officinale Ledeb.), likely due to the close proximity 
to an adjacent abandoned field with extensive dandelion. The overstory trees in this 
area were codominant balsam poplar and black ash (all dead) with some balsam fir, 
red maple, red oak, and white spruce. In contrast, the balsam poplar were extensive 
in the area but absent within 2–3 m of the pipe. The balsam poplar in proximity 
to the pipe demonstrated dead branches on the side facing the pipe, as observed 
elsewhere. At 2.0 m from the pipe, coverage was >95% EPI with bare earth and 
essentially zero plants within 0.5 m of the pipe.

Site E was within the shoreline forest along Smith’s Bay, Lake Huron, and con-
tained a wooden crib that measured 1.2 m by 1.2 m and contained water (Figure 8). 
The surrounding forest was dominated by eastern white cedar, while balsam poplar 
and balsam fir were the most common trees in close proximity to the crib. Following 
the removal of the wood crib, the area was scanned using electromagnetic induc-
tion (EMI: GSSI, Model: Profiler EMP-400). The EMI scanning involves transmis-
sion of an electrical field to create a primary magnetic field in the ground. This 
induced current also then generates a secondary magnetic field in the ground. Both 
magnetic fields are then quantified as a map of the conductivity of the earth. Soil 
features such as reinforced concrete impair the performance of the scans, whereas 
it is well suited for raw soils in the forests. The EMI scans of this site identified no 
pipes or other metal infrastructure at depth and groundwater close to surface [21]. 
Abandonment of site F was completed and revealed an oak barrel structure evident 
below the wood crib that extended to about 9 m depth (Figure 9). Below the barrel, 
an oil well was identified within an eastern white cedar wooden box, and the well 
was abandoned with cement via pipe to a depth of 130 m ([21]; Figure 9).

The herbaceous plant community in proximity to site E was depauperate and 
sparse within 5 m of the wood crib, likely attributable to the low light levels from 
the closed forest canopy and heavy leaf litter. Some common lady fern (Athyrium 
filix-femina L.) were evident within 3–5 m of the crib along with EPI. Very few 
plants were evident in close proximity to the crib, except for some EPI. Balsam pop-
lar growing over the wood crib had dead branches on the side of the crib and live 
branches on all other sides. The balsam fir that was downslope of the wood crib was 
short with a maximum height of <2 m, while other balsam fir upslope and adjacent 
areas had heights of >15 m. No eastern white cedar was evident directly downslope 
of the wood crib in the drainage path but was upslope.

Figure 8. 
Views of site E with wood crib within the shoreline forest of Smith’s Bay. Figure is on November 10, 2015, at the 
time it was found, after it was burned during 1905.
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Site F was approximately 100 m west of site E within the shoreline forest of 
Smith’s Bay, Lake Huron, and was about 20 m upslope from the shoreline. Site F 
included a wood crib that measured 1.8 by 1.8 m and contained water (Figure 10). 
After the wood crib was removed, the area was scanned using EMI, similar to site 
E. This EMI scanning identified no pipes or other metal infrastructure at depth but 
suggested that groundwater was close to the surface [21]. During abandonment, no 
metal well pipe was found, but extensive volumes of groundwater were observed 
within 1 m below grade. The overstory trees in the area were eastern white cedar; 
however, no mature specimens were evident at the HEA, as it was dominated by 

Figure 9. 
Views of site E with wood crib within the shoreline forest of Smith’s Bay. Figure is from November 1, 2016, and shows 
the excavation in progress with the discovery of a barrel at ~5 m below grade but still 4 m above the well box [21].

Figure 10. 
View of site F near the shoreline of Smith’s Bay, Lake Huron, on June 29, 2016. Figure shows how the wood crib 
exists over a natural hydrocarbon seep, about 20 m upslope from Smith’s Bay.
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within 1 m below grade. The overstory trees in the area were eastern white cedar; 
however, no mature specimens were evident at the HEA, as it was dominated by 

Figure 9. 
Views of site E with wood crib within the shoreline forest of Smith’s Bay. Figure is from November 1, 2016, and shows 
the excavation in progress with the discovery of a barrel at ~5 m below grade but still 4 m above the well box [21].

Figure 10. 
View of site F near the shoreline of Smith’s Bay, Lake Huron, on June 29, 2016. Figure shows how the wood crib 
exists over a natural hydrocarbon seep, about 20 m upslope from Smith’s Bay.
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balsam poplar and balsam fir directly around the wood crib. Balsam poplar growing 
over the wood crib has dead branches on the side of the crib and live branches on 
all other sides. The balsam fir that was downslope of the wood crib was short with 
a maximum height of <2 m, while other balsam fir upslope and adjacent areas had 
heights of >15 m. No eastern white cedar was evident directly downslope of the 
wood crib but was evident upslope with a range of heights (<1 m to 15+ m). The 
area directly downslope of the wood crib lacked live vegetation within an area about 
1 m wide (Figure 11).

The herbaceous plant community in proximity to site F was depauperate and 
sparse within 5 m of the wood crib, similar to site E (Figure 10). This pattern of 
low density and diversity of herbaceous species was also likely partially attributable 
to the low light levels due to the nearly closed forest canopy and heavy leaf litter. 
Some mapleleaf viburnum (Viburnum acerifolium L.) and common lady fern were 
also evident within 3–5 m of the crib along with abundant EPI. Very few plants were 
evident in close proximity to the crib, except a few EPI. There was also a channel 
that drained water from the crib to Smith’s Bay that was 1.0 m wide (Figure 11). 
This drainage channel lacked herbaceous species, while EPI was one of the only 
species periodically evident along the edge. Also balsam fir trees were evident along 
the channel and were all short (<2 m); no eastern white cedar were evident along 
the channel. Specimens of balsam fir away from this channel were all tall (10–15 m). 
Also rocks downslope from the seep show white particulate residue in the path to 
the water (Figure 12). Also, rocks in Smith’s Bay also showed this white particulate 
and lacked submerged aquatic vegetation (SAV; Figure 13). It is prudent to note that 
SAV was absent only along this area of the shoreline (Figure 13).

Abandonment activity at site G initially involved the excavation of the soils 
around the wood crib. Soils on the upslope side of the excavated pit appeared to 
be fine textured with little visual or olfactory evidence of hydrocarbons, while the 
soils on the downslope were coarse and contained free petroleum product mixed 
with water. A short time after the excavator removed the surficial soil, groundwater 
with brown hydrocarbons filled the excavation to approximately 2.0 m below 
grade. A vacuum truck was used to ensure this oil-water slurry did not drain to the 
shoreline. Follow-up excavations and dewatering determined clay was extensive 
at depth below the excavation with no pipe or infrastructure evident. The initial 

Figure 11. 
View of site F near the shoreline of Smith’s Bay, Lake Huron, on June 29, 2016. Figure shows the path where 
oil-water seepage drains to the shoreline that lacks live vegetation, with white residue along the path.
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determination was this site represented a natural hydrocarbon seep. A soil test 
pit survey was conducted to map the hydrocarbon distribution below grade, and 
chemical analyses tracked the plume 75 m upslope from the shoreline, where the 
survey ended. The results from this tracking exercise led to the final determination 
that this was a natural seep, not a lost HEA, as no evidence of infrastructure was 
found in the area upslope [21].

Field site H included a pipe that was actively draining an oil-water slurry 
downslope through a hay field to a wetland-forest complex (Figure 14). Since 
the farmer was not cutting the vegetation around the pipe, black locust (Robinia 

Figure 12. 
Views of site F. Figure shows the seepage path from site F to the lake on April 29, 2016, with white foam arising 
from the wooden crib.

Figure 13. 
Views of site F. Figure from October 12, 2016, shows the shoreline of Smith’s Bay, Lake Huron, with a gap in the 
vegetation (black arrow) and a person with orange vest standing in front of the wood crib in the background. 
Inspections of the rocks in the water demonstrated the presence of white particulate residue from the seep and 
zero SAV in this area, while adjacent areas had SAV [21].
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determination was this site represented a natural hydrocarbon seep. A soil test 
pit survey was conducted to map the hydrocarbon distribution below grade, and 
chemical analyses tracked the plume 75 m upslope from the shoreline, where the 
survey ended. The results from this tracking exercise led to the final determination 
that this was a natural seep, not a lost HEA, as no evidence of infrastructure was 
found in the area upslope [21].

Field site H included a pipe that was actively draining an oil-water slurry 
downslope through a hay field to a wetland-forest complex (Figure 14). Since 
the farmer was not cutting the vegetation around the pipe, black locust (Robinia 
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Views of site F. Figure shows the seepage path from site F to the lake on April 29, 2016, with white foam arising 
from the wooden crib.

Figure 13. 
Views of site F. Figure from October 12, 2016, shows the shoreline of Smith’s Bay, Lake Huron, with a gap in the 
vegetation (black arrow) and a person with orange vest standing in front of the wood crib in the background. 
Inspections of the rocks in the water demonstrated the presence of white particulate residue from the seep and 
zero SAV in this area, while adjacent areas had SAV [21].
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pseudoacacia L.) and red osier dogwood were evident in the area, along with a few 
small green ash that had not yet been attacked by the EAB. The herbaceous com-
munity upslope of the pipe was typical of the field, with dominance by timothy 
grass. In contrast, the herbaceous community within 1 m of the pipe was dominated 
(>75%) by EPI. The EPI specimens located about 1 m from the pipe showed bright 
green leaves, while specimens in contact with the oil-water slurry showed yellow 
leaves. The soil within 30 cm of the pipe lacked plants; no plants were evident 
within the path immediately downslope used by the oil-water slurry. Branches 
of red osier dogwood in close proximity to the pipe included discoloration of the 
leaves, suggestive of chlorosis. Black locust leaves also included discoloration. The 
EPI found in association with the oil-water slurry also demonstrated small size and 
discoloration of the leaves compared with specimens 1 m away from the oil-water 
slurry. A few specimens of Virginia strawberry (Fragaria virginiana Duchesne) 
and multiflora rose (Rosa multiflora Thunb.) were also evident on the edge of the 
oil-water slurry and demonstrate discoloration of leaves as well as stunted size. 
The EPI dominates the vegetation along the path followed by the oil-water slurry 
downslope, whereas the oil-water slurry is not evident on surface at 15 m from the 
pipe. Even though the oil-water slurry is not evident at the surface, the EPI follows 
a path to the edge of the wetland forest, approximately 40 m downslope, and was 
rare on the edges of the path. When the trees in the wetland forest were inspected, 
it revealed that those trees in the path of the oil-water slurry were shorter and show 
a high frequency of dead branches compared with the areas on either side despite 
no other differences in land use or drainage (Figure 15). Inspection of the hay field 
downslope of the pipe identified EPI was the dominant plant (>50% areal coverage) 
right through the field to the edge of the woodland. Such disparities in height and 
survival of varied plants downslope of the pipe imply the oil-water slurry is the 
causative factor responsible for the local plant responses to exposure to the slurry.

Field site I included a pipe that was capped because it was observed to release 
large quantities of natural gas in the past by the landowner. The herbaceous 
plant community within 5 m of the pipe was diverse and essentially identical to 
the adjacent hay field, including Canada goldenrod, common evening primrose 

Figure 14. 
View of site H within a hay field on August 8, 2014. Figure shows the oil-water slurry runoff from a pipe. The 
vegetation near the pipe demonstrated evidence of leaf chlorosis and stunted size, including red osier dogwood 
that was upslope and had branches over the pipe (blue arrow), black locust (black arrow), EPI (yellow 
arrow), and multiflora rose (red arrow).
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(Oenothera biennis L.), tall buttercup (Ranunculus acris L.), and yellow hawkweed 
(Hieracium piloselloides Vill.). However, within 1 m of the pipe, EPI was  
dominant (>90%). At 30 cm from the pipe, the soil was bare. This pattern of 
reduced plant diversity and elevated EPI implies that groundwater likely rises 
periodically around the base of the capped pipe.

Field site J was essentially identical to site I except the pipe lacked a cap. This 
pipe was observed to contain no water during the 6 months prior to abandonment. 
The herbaceous plant community within 5 m of the pipe was somewhat similar 
to the adjacent hay field. However, within 2–3 m of the pipe, EPI was dominant 
(>90%). At 30 cm from the pipe, the soil was essentially devoid of plants.

Field site K was within a roadside ditch, and the pipe was within 10 m of a 
residential driveway. This pipe contained no water, but the resident stated it would 
release water after spring snow melt. This ditch had an array of species evident 
within 5 m of the pipe, including staghorn sumac; American elm along with speci-
mens of common raspberry (Rubus idaeus L.), riverbank grape, Virginia  strawberry, 
and multiflora rose. The plant community was diverse within 1 m of the pipe. At 
0.5 m from the pipe, EPI was dominant (>90%). There was bare earth below the 
EPI vines growing near the pipe.

Field site L was within a hay field. The site is defined by an abrupt ecotone 
between the field plant community with transition to dominance by EPI (>95%) 
with a few Virginia strawberry. This patch of EPI measured approximately 3 × 3 m. 
This patch demonstrated healthy EPI with no bare earth. Detailed inspections 
were completed within this patch. Initially, the area was inspected using a hand-
held metal detector, to assess possible presence of a metal pipe below grade. This 
inspection led to no observations, suggesting no presence of metal. Then the area 
was scanned using EMI, similar to the studies at sites E and F. The EMI scans of this 
site identified no pipes or other infrastructure at depth but suggested groundwater 
was close to surface [21]. After the EMI scans were completed, the patch of EPI 
was excavated, to further inspect the area for oil-stained soil to a depth of 1 m, to 
complete the search for a lost HEA, with none found [21]. After, the excavation 
filled with water, and the EPI patch was attributed to a groundwater seep.

Figure 15. 
View of site H within a hay field on August 8, 2014. Figure shows the forest-wetland downslope of the pipe. 
The trees in the area were shorter (stunted) and also showed dead stems relative to adjacent areas, and EPI was 
evident downslope but absent from adjacent field areas.
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Field site I included a pipe that was capped because it was observed to release 
large quantities of natural gas in the past by the landowner. The herbaceous 
plant community within 5 m of the pipe was diverse and essentially identical to 
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(Oenothera biennis L.), tall buttercup (Ranunculus acris L.), and yellow hawkweed 
(Hieracium piloselloides Vill.). However, within 1 m of the pipe, EPI was  
dominant (>90%). At 30 cm from the pipe, the soil was bare. This pattern of 
reduced plant diversity and elevated EPI implies that groundwater likely rises 
periodically around the base of the capped pipe.

Field site J was essentially identical to site I except the pipe lacked a cap. This 
pipe was observed to contain no water during the 6 months prior to abandonment. 
The herbaceous plant community within 5 m of the pipe was somewhat similar 
to the adjacent hay field. However, within 2–3 m of the pipe, EPI was dominant 
(>90%). At 30 cm from the pipe, the soil was essentially devoid of plants.

Field site K was within a roadside ditch, and the pipe was within 10 m of a 
residential driveway. This pipe contained no water, but the resident stated it would 
release water after spring snow melt. This ditch had an array of species evident 
within 5 m of the pipe, including staghorn sumac; American elm along with speci-
mens of common raspberry (Rubus idaeus L.), riverbank grape, Virginia  strawberry, 
and multiflora rose. The plant community was diverse within 1 m of the pipe. At 
0.5 m from the pipe, EPI was dominant (>90%). There was bare earth below the 
EPI vines growing near the pipe.

Field site L was within a hay field. The site is defined by an abrupt ecotone 
between the field plant community with transition to dominance by EPI (>95%) 
with a few Virginia strawberry. This patch of EPI measured approximately 3 × 3 m. 
This patch demonstrated healthy EPI with no bare earth. Detailed inspections 
were completed within this patch. Initially, the area was inspected using a hand-
held metal detector, to assess possible presence of a metal pipe below grade. This 
inspection led to no observations, suggesting no presence of metal. Then the area 
was scanned using EMI, similar to the studies at sites E and F. The EMI scans of this 
site identified no pipes or other infrastructure at depth but suggested groundwater 
was close to surface [21]. After the EMI scans were completed, the patch of EPI 
was excavated, to further inspect the area for oil-stained soil to a depth of 1 m, to 
complete the search for a lost HEA, with none found [21]. After, the excavation 
filled with water, and the EPI patch was attributed to a groundwater seep.
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The trees in the area were shorter (stunted) and also showed dead stems relative to adjacent areas, and EPI was 
evident downslope but absent from adjacent field areas.
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Information on the herbaceous and woody plant communities along with the distri-
bution of EPI observed within forests and fields at sites A to L at WUT allowed for the 
resolution of the spatial responses of plants to the presence of HEAs, natural hydro-
carbon seep, and groundwater seep (Table 5). Species that show growth morphology 
via rhizome or vine seem to show an ability to occur within 5 m of HEAs, such as EPI, 
riverbank grape, and Virginia strawberry. Since these patterns were resolved across 

Response of plants and EPI relative to distance from HEA or natural groundwater seep (as approximate 
% EPI coverage in an area)

Setting Upslope 5–10 m from HEA 
or seep

1–5 m from HEA 
or seep

0 m from 
HEA or 
seep

Field: HEA pipe 
with cap and 
herbaceous 
plants

No response 
with diverse 
plant 
community 
(<5%)

Diverse plant 
community (< 5%)

A few plant species 
evident, some EPI 
with most species 
absent (>90%)

No plants

Field: HEA and 
EPI

EPI absent or 
rare (<5%)

EPI absent or rare 
(<5%)

EPI dominant 
(>90%)

No EPI; no 
plants

Field: 
groundwater 
seep and EPI

EPI absent or 
rare (<5%)

EPI absent or rare 
(<5%)

EPI dominant 
(>95%)

EPI 
dominant 
(>95%)

Forest: HEA 
and herbaceous 
plants

No response 
with diverse 
community 
(<5%)

Loss of diversity, 
shorter plants 
within drainage path 
(25–95%)

A few plant 
specimens with EPI 
dominant (>95%)

No plants

Forest: 
hydrocarbon 
seep and 
herbaceous 
plants

No response 
with diverse 
community 
(<5%)

No plants in drainage 
path of seepage to 
Lake Huron

No plants in path of 
seepage; EPI evident 
on edge of drainage

No plants

Forest: HEA and 
trees

No response 
with diverse 
community 
(<5%)

Sensitive trees absent; 
tree branches on side 
of HEA dead; other 
trees stunted in height

Trees dead; other 
trees stunted with 
dead branches near 
HEAs with dominant 
EPI (>90%)

No trees

Forest: 
hydrocarbon 
seep and trees

No response 
with diverse 
community 
(>5%)

Sensitive trees 
absent from path of 
groundwater. Tree 
branches dead along 
drainage path. Other 
trees stunted in height

Sensitive trees 
absent from path of 
groundwater. Tree 
branches dead along 
path. Other trees 
stunted in height

No trees

Forest: HEA and 
EPI

EPI absent or 
rare (<5%)

EPI dominant, usually 
>50% of specimens

EPI dominant 
(>95%)

No EPI and 
no plants

Forest: 
hydrocarbon 
seep and EPI

EPI absent or 
rare (<5%)

EPI dominant (>95%) 
along edge of path of 
groundwater; no EPI 
in path

EPI dominant 
(>95%) along edge of 
path of groundwater; 
no EPI in path

No EPI

Findings from this study demonstrate the plant communities respond to the HEA and seeps based on water drainage, 
attributable to brine that contains elevated concentrations of a suite of elements.

Table 5. 
Summary of response patterns for vegetation found in association with hydrocarbon extraction area, 
groundwater seep in a field, and hydrocarbon seep in a forest setting, represented as approximate % coverage of 
EPI in an area.
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forest and field sites, it provides justification for the use of EPI as an indicator species 
of disturbance. This resolution of general response patterns of plants to this type of 
disturbance suggests the response patterns could also be used to predict the sites of 
HEAs, hydrocarbon seeps, or groundwater seeps in areas with oil shale formations.

6. Discussion

Wiikwemkoong Unceded Territory history identifies the community-associated 
HEAs with disturbed land, and this led to the expulsion of oil men during 1905 
[21, 31]. Such identification of disturbance was attributed to the construction of 
infrastructure like roads as well as clearing of forest in addition to using valuable 
farmland for HEAs. Community members also described the presence of large 
barrels used to separate oil from water in fields and forests [21]. The oil men would 
direct the oil-water slurry through pipes to these barrels. When the decision was 
made to evict the oil men, the HEAs were burned, and this common disturbance 
history contributed to the responses of herbaceous and woody plants described 
in this study. Oral history also identifies that these burned areas were considered 
scars on Mother Earth that were very slow to recover. However, this recovery of the 
HEAs was inferred to be slower than expected and resulted in different plants at 
these sites compared with adjacent areas [21]. Since 109 years passed from the time 
the HEAs were burned until the initial assessments during 2014, this represents a 
unique opportunity for learning, to understand how the herbaceous and woody 
plants responded to this common disturbance history [17]. This understanding 
arises from un-replicated activity associated with large-scale disturbance of fields 
and forests at WUT due to the development of HEAs. Such activities represent an 
opportunity for learning that is consistent to Carpenter’s [17] recommendation to 
consider ecological settings to quantify interactions involving species and docu-
ment responses of plants and animals to large-scale environmental perturbations. 
Carpenter [17] recommended that such perturbations, if studied, often provide the 
chance to document nonrandom change; a reasonable way to interpret such change 
is with causal inference. In an earlier study [18], a similar idea was expressed about 
severe perturbations representing a chance to document response of plants and 
animals but provided the caveat that such events possibly generate unique responses 
that are difficult to quantify and apply to other settings. Using this documentation 
of the response of herbaceous and woody plants near HEAs, it pointed to the use 
of EPI as a bioindicator of the plant community responses to brine as a way to find 
HEAs. At WUT, it is useful to use EPI as a bioindicator, as it is the only species con-
sistently found within 1 m of HEAs. Other species, such as Virginia strawberry, also 
show distributions near HEAs, likely attributable to growth morphology via vine. 
Due to the wide distribution and salinity tolerance of EPI, it is probable this species 
could be evaluated for use to resolve the response of plants to HEAs beyond WUT.

This study reports the observed responses of herbaceous and woody species to 
episodic exposure to brine in a setting with a common disturbance history. These 
observations at WUT identified a pattern of reduced diversity of herbaceous and 
woody species as well as increased coverage of EPI in proximity to drainage from 
HEAs and natural seeps in fields, and FOD8-1 and FOC4-3 woodlands. These plant 
communities demonstrate a spatial response to water that originates from HEAs and 
natural seeps with rapid transition from diverse plant community to dominance by 
EPI over short distances despite similar exposure to sunlight and a common distur-
bance history. The identification of this response pattern involving a reduction of 
plant diversity and dieback of overstory tree branches was directly attributable to 
brine found near HEAs and seepage in fields and forests, representing an ecotone 
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on edge of drainage

No plants
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No response 
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(<5%)
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of HEA dead; other 
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Forest: 
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Findings from this study demonstrate the plant communities respond to the HEA and seeps based on water drainage, 
attributable to brine that contains elevated concentrations of a suite of elements.

Table 5. 
Summary of response patterns for vegetation found in association with hydrocarbon extraction area, 
groundwater seep in a field, and hydrocarbon seep in a forest setting, represented as approximate % coverage of 
EPI in an area.
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forest and field sites, it provides justification for the use of EPI as an indicator species 
of disturbance. This resolution of general response patterns of plants to this type of 
disturbance suggests the response patterns could also be used to predict the sites of 
HEAs, hydrocarbon seeps, or groundwater seeps in areas with oil shale formations.

6. Discussion

Wiikwemkoong Unceded Territory history identifies the community-associated 
HEAs with disturbed land, and this led to the expulsion of oil men during 1905 
[21, 31]. Such identification of disturbance was attributed to the construction of 
infrastructure like roads as well as clearing of forest in addition to using valuable 
farmland for HEAs. Community members also described the presence of large 
barrels used to separate oil from water in fields and forests [21]. The oil men would 
direct the oil-water slurry through pipes to these barrels. When the decision was 
made to evict the oil men, the HEAs were burned, and this common disturbance 
history contributed to the responses of herbaceous and woody plants described 
in this study. Oral history also identifies that these burned areas were considered 
scars on Mother Earth that were very slow to recover. However, this recovery of the 
HEAs was inferred to be slower than expected and resulted in different plants at 
these sites compared with adjacent areas [21]. Since 109 years passed from the time 
the HEAs were burned until the initial assessments during 2014, this represents a 
unique opportunity for learning, to understand how the herbaceous and woody 
plants responded to this common disturbance history [17]. This understanding 
arises from un-replicated activity associated with large-scale disturbance of fields 
and forests at WUT due to the development of HEAs. Such activities represent an 
opportunity for learning that is consistent to Carpenter’s [17] recommendation to 
consider ecological settings to quantify interactions involving species and docu-
ment responses of plants and animals to large-scale environmental perturbations. 
Carpenter [17] recommended that such perturbations, if studied, often provide the 
chance to document nonrandom change; a reasonable way to interpret such change 
is with causal inference. In an earlier study [18], a similar idea was expressed about 
severe perturbations representing a chance to document response of plants and 
animals but provided the caveat that such events possibly generate unique responses 
that are difficult to quantify and apply to other settings. Using this documentation 
of the response of herbaceous and woody plants near HEAs, it pointed to the use 
of EPI as a bioindicator of the plant community responses to brine as a way to find 
HEAs. At WUT, it is useful to use EPI as a bioindicator, as it is the only species con-
sistently found within 1 m of HEAs. Other species, such as Virginia strawberry, also 
show distributions near HEAs, likely attributable to growth morphology via vine. 
Due to the wide distribution and salinity tolerance of EPI, it is probable this species 
could be evaluated for use to resolve the response of plants to HEAs beyond WUT.

This study reports the observed responses of herbaceous and woody species to 
episodic exposure to brine in a setting with a common disturbance history. These 
observations at WUT identified a pattern of reduced diversity of herbaceous and 
woody species as well as increased coverage of EPI in proximity to drainage from 
HEAs and natural seeps in fields, and FOD8-1 and FOC4-3 woodlands. These plant 
communities demonstrate a spatial response to water that originates from HEAs and 
natural seeps with rapid transition from diverse plant community to dominance by 
EPI over short distances despite similar exposure to sunlight and a common distur-
bance history. The identification of this response pattern involving a reduction of 
plant diversity and dieback of overstory tree branches was directly attributable to 
brine found near HEAs and seepage in fields and forests, representing an ecotone 
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that defines the zone of disturbance. Observations from site C during September 
2017 demonstrated that chlorosis will start within a few days of the arrival of brine; 
at this site, the brine is able to travel an extended distance from the source, due 
to the topography, causing stress and death to plants all along the drainage path. 
Site G demonstrated the response of herbaceous and woody species that reflects 
natural seepage of hydrocarbons and brine with similar patterns of species selection 
leading to nearly full coverage of the area by EPI. In contrast, the capped well at site 
I showed evidence of very little disturbance at 5 m and the focal presence of EPI 
directly around the pipe. Species such as Virginia strawberry and multiflora rose 
that grow with vines appear alongside EPI. Long-term responses include herbaceous 
plant communities essentially absent in close proximity to HEAs and natural seeps 
as well as an overstory tree canopy dominated by species somewhat tolerant to salt 
with dead branches near the source of brine.

Other observations from HEAs identified additional plant associations within 
these areas. Specifically, all HEAs include a few very mature common buckthorn 
(Rhamnus cathartica L.) and/or glossy buckthorn (Rhamnus frangula Mill.). It is 
inferred the seeds of these nonindigenous buckthorn were accidentally intro-
duced to WUT during the 1800s via transport on equipment used for HEAs [21]. 
Inspections always reveal that buckthorn has spread extensively outward, in a radial 
pattern, from each of the HEAs. Hence, when buckthorn is found at WUT, surveys 
will follow these nonindigenous trees, to see if they lead to large specimens in prox-
imity to an HEA. Another consistent observation is that one apple tree (often Malus 
domestica Borkh.) was always planted upslope from each of the HEAs. Further, in 
a field with numerous HEAs represented as metal pipes, one apple tree is located 
upslope and within 10 m of each pipe [21]. Oral history from WUT revealed the oil 
men regarded an apple tree as good luck and a source of food during the autumn 
season. At WUT, the presence of a large (>30 cm DBH) apple tree in close associa-
tion with buckthorn is now used as preliminary indicators of possible presence of 
HEAs in an area.

Studies at WUT [21] documented soil at HEAs containing elevated hydrocarbon 
concentrations, especially for soil in contact with wood from the former facilities, 
whereas soil concentrations of hydrocarbons rapidly declined with distance from 
HEAs, attributed to bacterial degradation of the hydrocarbons over time [21]. These 
low concentrations of soil hydrocarbons downslope from HEAs provide additional 
evidence that it is brine from the HEAs that plants are responding to in these 
areas. The response pattern of the plants, including EPI, to brine at WUT forms 
the framework, as represented in Table 5, as a guide to find lost HEAs as well as 
understand influence of brine from natural seeps on plant communities.

A literature review documented a range of responses of herbaceous and woody 
species to brine from HEAs, but none was found for water arising directly from 
oil shale formations. The study in Oklahoma, USA, for plants downslope of HEAs 
attributed responses to the brine from the HEAs [6]. A separate study reported that 
herbaceous and woody plants recovered initially from a brine leak at an impound-
ment within 1 year after the leak was stopped with no soil treatments; plant com-
munity recovery was attributed to frequent rain washing the brine away [15]. At 
the site of this brine leak [16], the plant community 4 years later was populated 
by a diversity of herbaceous and woody species, attributed to the seed bank and 
live adjacent vegetation [15, 16]. Another study reported treatments for bare soils 
within 1 m deep former reserve pits used to store drill cuttings, drilling fluid, and 
brine, as preparation for replanting [12]. This bare earth was disked, mulch added, 
irrigated, and then seeded with local range grasses as well as planted seedlings. 
Success of seed germination and seedling survival was higher on mulch-treated 
soils than untreated soils. Over time, the mulch-treated soils showed declines in the 
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seeded and planted species due to colonization by other local species. This mulch 
treatment led to the identification that establishment of salt-tolerant plants in the 
reserve pits following treatment can act as the basis for future plant establishment 
and reclamation; without treatment, seeding, and/or planting of seedlings, the pits 
require extended periods before plants naturally establish on these soils. Another 
study recommended the use of local, native plant species for seeding on land 
disturbed by hydrocarbon extraction activities, with emphasis on species adapted to 
the soils associated with the area that often show elevated tolerance to soil salinity 
[38]. Such seeding recommendations included the use of local sources, due to likely 
adaptations to regional climate and soils, as the process of reestablishing vegeta-
tion on sites disturbed by HEAs is challenging due to the chemistry as well as other 
physical factors, such as soil compaction [3, 6, 32]. As a means to address challenges 
for seeding and planting on high-salinity soils, computer software was recently 
presented to guide such activities [39].

Other areas of study are warranted, to resolve the morphological and physi-
ological response of herbaceous and woody species associated with HEAs and 
natural seeps, based on observations at WUT. For example, anecdotal observations 
indicated a trend that herbaceous species near HEAs often had fewer and smaller 
flowers compared with specimens in adjacent areas. Other plants showed differ-
ences in height and leaf size in proximity to HEAs. This study did not provide for 
the opportunity to quantify the range of possible responses of plants to exposure 
to brine arising from HEAs. If the source of stress on these plants was not known, 
the differences in flowering, plant height, leaf size, etc. could be documented as 
a phenological response to regional factors, not local responses to brine exposure. 
Such opportunities for documentation of response of plants, including separation 
of cause between stresses in proximity to HEAs, may be useful in the future. The 
HEAs may also be resulting in genotypic changes to plants, due to long-term epi-
sodic exposure to brine. Plants like prairie smoke (Geum triflorum Pursh) have been 
observed periodically at WUT in close proximity to HEAs, whereas the USDA iden-
tifies this plant as having no tolerance to soil salinity. It may be interesting to resolve 
if prairie smoke has developed tolerance to elevated soil salinity at WUT. Responses 
of aquatic plants to brine exposure represent another understudied topic. At site F, 
the brine-oil slurry drained downslope to the shoreline of Smith’s Bay. In the area 
of the shoreline, white residue was evident on the rocks on the shoreline and in the 
water. This area also lacked SAV, while adjacent areas demonstrated SAV among the 
rocks. These varied themes represent candidate areas for further study, to resolve 
the range of apparent responses of plants relative to episodic environmental stress 
from brine arising from HEAs and separate them from phenological responses to 
regional processes like climate.

This study resolved the response of plant communities to a common disturbance 
history as well as the episodic release of brine from HEAs and seeps within about 
30 km2. The resolution of the response of herbaceous and woody species and EPI to 
HEAs and natural seeps represents a framework that could be applied elsewhere, to 
assess the intensity of disturbance as well as to find lost HEAs. The ecotone of dis-
turbance at WUT for HEAs is defined by the brine drainage area within a local area 
of subsidence where EPI is able to dominate the herbaceous plant community. It is 
probable EPI is able to achieve dominance in these areas due to growth via rhizome 
and can ameliorate the extreme chemical concentrations in brine. Another consid-
eration at WUT is the native plant community contains very few species tolerant of 
elevated soil salinity [25] and led to the opportunity for EPI to dominate areas with 
HEAs. This study has confirmed the distribution of EPI is useful to represent con-
temporaneous disturbances to herbaceous and woody species attributable to HEAs 
and natural seeps in forests and fields and applicable to other areas with HEAs.
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that defines the zone of disturbance. Observations from site C during September 
2017 demonstrated that chlorosis will start within a few days of the arrival of brine; 
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to the topography, causing stress and death to plants all along the drainage path. 
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leading to nearly full coverage of the area by EPI. In contrast, the capped well at site 
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directly around the pipe. Species such as Virginia strawberry and multiflora rose 
that grow with vines appear alongside EPI. Long-term responses include herbaceous 
plant communities essentially absent in close proximity to HEAs and natural seeps 
as well as an overstory tree canopy dominated by species somewhat tolerant to salt 
with dead branches near the source of brine.

Other observations from HEAs identified additional plant associations within 
these areas. Specifically, all HEAs include a few very mature common buckthorn 
(Rhamnus cathartica L.) and/or glossy buckthorn (Rhamnus frangula Mill.). It is 
inferred the seeds of these nonindigenous buckthorn were accidentally intro-
duced to WUT during the 1800s via transport on equipment used for HEAs [21]. 
Inspections always reveal that buckthorn has spread extensively outward, in a radial 
pattern, from each of the HEAs. Hence, when buckthorn is found at WUT, surveys 
will follow these nonindigenous trees, to see if they lead to large specimens in prox-
imity to an HEA. Another consistent observation is that one apple tree (often Malus 
domestica Borkh.) was always planted upslope from each of the HEAs. Further, in 
a field with numerous HEAs represented as metal pipes, one apple tree is located 
upslope and within 10 m of each pipe [21]. Oral history from WUT revealed the oil 
men regarded an apple tree as good luck and a source of food during the autumn 
season. At WUT, the presence of a large (>30 cm DBH) apple tree in close associa-
tion with buckthorn is now used as preliminary indicators of possible presence of 
HEAs in an area.

Studies at WUT [21] documented soil at HEAs containing elevated hydrocarbon 
concentrations, especially for soil in contact with wood from the former facilities, 
whereas soil concentrations of hydrocarbons rapidly declined with distance from 
HEAs, attributed to bacterial degradation of the hydrocarbons over time [21]. These 
low concentrations of soil hydrocarbons downslope from HEAs provide additional 
evidence that it is brine from the HEAs that plants are responding to in these 
areas. The response pattern of the plants, including EPI, to brine at WUT forms 
the framework, as represented in Table 5, as a guide to find lost HEAs as well as 
understand influence of brine from natural seeps on plant communities.

A literature review documented a range of responses of herbaceous and woody 
species to brine from HEAs, but none was found for water arising directly from 
oil shale formations. The study in Oklahoma, USA, for plants downslope of HEAs 
attributed responses to the brine from the HEAs [6]. A separate study reported that 
herbaceous and woody plants recovered initially from a brine leak at an impound-
ment within 1 year after the leak was stopped with no soil treatments; plant com-
munity recovery was attributed to frequent rain washing the brine away [15]. At 
the site of this brine leak [16], the plant community 4 years later was populated 
by a diversity of herbaceous and woody species, attributed to the seed bank and 
live adjacent vegetation [15, 16]. Another study reported treatments for bare soils 
within 1 m deep former reserve pits used to store drill cuttings, drilling fluid, and 
brine, as preparation for replanting [12]. This bare earth was disked, mulch added, 
irrigated, and then seeded with local range grasses as well as planted seedlings. 
Success of seed germination and seedling survival was higher on mulch-treated 
soils than untreated soils. Over time, the mulch-treated soils showed declines in the 
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seeded and planted species due to colonization by other local species. This mulch 
treatment led to the identification that establishment of salt-tolerant plants in the 
reserve pits following treatment can act as the basis for future plant establishment 
and reclamation; without treatment, seeding, and/or planting of seedlings, the pits 
require extended periods before plants naturally establish on these soils. Another 
study recommended the use of local, native plant species for seeding on land 
disturbed by hydrocarbon extraction activities, with emphasis on species adapted to 
the soils associated with the area that often show elevated tolerance to soil salinity 
[38]. Such seeding recommendations included the use of local sources, due to likely 
adaptations to regional climate and soils, as the process of reestablishing vegeta-
tion on sites disturbed by HEAs is challenging due to the chemistry as well as other 
physical factors, such as soil compaction [3, 6, 32]. As a means to address challenges 
for seeding and planting on high-salinity soils, computer software was recently 
presented to guide such activities [39].

Other areas of study are warranted, to resolve the morphological and physi-
ological response of herbaceous and woody species associated with HEAs and 
natural seeps, based on observations at WUT. For example, anecdotal observations 
indicated a trend that herbaceous species near HEAs often had fewer and smaller 
flowers compared with specimens in adjacent areas. Other plants showed differ-
ences in height and leaf size in proximity to HEAs. This study did not provide for 
the opportunity to quantify the range of possible responses of plants to exposure 
to brine arising from HEAs. If the source of stress on these plants was not known, 
the differences in flowering, plant height, leaf size, etc. could be documented as 
a phenological response to regional factors, not local responses to brine exposure. 
Such opportunities for documentation of response of plants, including separation 
of cause between stresses in proximity to HEAs, may be useful in the future. The 
HEAs may also be resulting in genotypic changes to plants, due to long-term epi-
sodic exposure to brine. Plants like prairie smoke (Geum triflorum Pursh) have been 
observed periodically at WUT in close proximity to HEAs, whereas the USDA iden-
tifies this plant as having no tolerance to soil salinity. It may be interesting to resolve 
if prairie smoke has developed tolerance to elevated soil salinity at WUT. Responses 
of aquatic plants to brine exposure represent another understudied topic. At site F, 
the brine-oil slurry drained downslope to the shoreline of Smith’s Bay. In the area 
of the shoreline, white residue was evident on the rocks on the shoreline and in the 
water. This area also lacked SAV, while adjacent areas demonstrated SAV among the 
rocks. These varied themes represent candidate areas for further study, to resolve 
the range of apparent responses of plants relative to episodic environmental stress 
from brine arising from HEAs and separate them from phenological responses to 
regional processes like climate.

This study resolved the response of plant communities to a common disturbance 
history as well as the episodic release of brine from HEAs and seeps within about 
30 km2. The resolution of the response of herbaceous and woody species and EPI to 
HEAs and natural seeps represents a framework that could be applied elsewhere, to 
assess the intensity of disturbance as well as to find lost HEAs. The ecotone of dis-
turbance at WUT for HEAs is defined by the brine drainage area within a local area 
of subsidence where EPI is able to dominate the herbaceous plant community. It is 
probable EPI is able to achieve dominance in these areas due to growth via rhizome 
and can ameliorate the extreme chemical concentrations in brine. Another consid-
eration at WUT is the native plant community contains very few species tolerant of 
elevated soil salinity [25] and led to the opportunity for EPI to dominate areas with 
HEAs. This study has confirmed the distribution of EPI is useful to represent con-
temporaneous disturbances to herbaceous and woody species attributable to HEAs 
and natural seeps in forests and fields and applicable to other areas with HEAs.
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7. Conclusions

Large-scale disturbance of plant communities at WUT occurred with the 1865 
forest fires followed by development of HEAs in forests and fields. These disturbed 
plant communities at the HEAs were burned in 1905 and were followed by estab-
lishment of pioneer plant species such as balsam poplar and eastern white cedar 
in forests and Canada goldenrod and Virginia strawberry in fields. Areas in close 
proximity to the HEAs have not developed diverse plant communities during the 
last 109 years but are dominated by EPI, and this pattern is attributed to the peri-
odic expulsion of brine from HEAs. Such dominance by EPI in these areas demon-
strates intolerance of brine by most plants, whereas the EPI flourishes, due in part 
to some tolerance of salt as well as rhizome growth strategy. With this demonstra-
tion of EPI as the dominant species near HEAs, it is a phenological response to local 
habitats that can be used to rediscover lost HEAs. Studies of natural groundwater 
seeps located near HEAs were dominated by EPI, and confirmed plant community 
responses are attributable to exposure to brine. This confirmation that EPI rep-
resents a bioindicator for understanding environmental disturbance through the 
analyses of phenological responses at WUT can likely be applied to other areas with 
EPI and other salt-tolerant plant species.
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Grassland on the Loess Plateau of 
Northern China
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Abstract

Grazing exclusion has been widely used for restoration of degraded grassland all 
over the world. Based on over a 30-year (from 1982 to 2011) vegetation survey and 
a 2-year (from 2013 to 2014) field decomposition experiment  in Yunwu Mountain 
Grassland Nature Reserve on the Loess Plateau of China, responses of  community 
structure and productivity and decomposition traits of dominant Stipa species 
(Stipa bungeana, Stipa grandis and Stipa przewalskyi) litters were determined to 
reveal the ecosystem cyclic process. Results showed that grassland coverage, plant 
density, Shannon-Wiener index and aboveground productivity changed in a hump 
pattern with peaks in 2002. Productivity was significantly positively correlated with 
mean annual temperature. The direction and magnitude about effects of climatic 
changes on productivity depended on phonological stages of plant community. 
Warming in early stage of growing season (April–May) contributed the increase of 
productivity, while temperature rise after the growing season (September–March 
in the next following year) was negatively correlated with productivity in the 
following year. Leaf litters of three Stipa species (S. bungeana, S. grandis and S. 
przewalskyi) had higher decomposition rates in the growing season than that in 
the nongrowing season. Nutrient-releasing  pattern in litters of three Stipa species 
followed a different pattern: S. bungeana > S.grandis>S. przewalskyi. Considering  
productivity and decomposition traits, grazing exclusion promotes carbon seques-
tration of semiarid grassland, while adjustments in nutrient cycling might explain 
fluctuations of community structure.

Keywords: yunwu mountain, loess plateau, grazing exclusion, climate variation, 
decomposition, Stipa
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1. Introduction

As one of the most important and largest terrestrial ecosystems in the world, 
grasslands cover 30% of the land surface and are mainly distributed in arid and 
semiarid regions [1]. Due to global climate change and human activity, such as 
heavy grazing, grasslands in this area have undergone desertification and even 
virtually disappeared in recent decades [2, 3], making restoration process urgent 
for degraded grasslands [4, 5]. Current studies about grassland restoration mainly 
focus on several key components: community composition and structure, species 
diversity, soil properties and vegetation succession process [6–10]. Grassland is 
considered very sensitive to climate changes [11–14] and also is influenced by soil 
resource availability [15, 16].

Compared with forest ecosystem and cropland ecosystem, aboveground net 
primary productivity (ANPP) of grasslands is highly temporally variable [16, 17]. 
Specifically, climate-driven variability in grassland productivity has important 
effects on the global carbon balance, ecosystem service delivery, profitability of 
pastoral livelihoods and the sustainability of grassland resources [11, 18, 19]. Many 
ecologists have analysed the impacts of annual precipitation and temperature on 
ANPP at regional and continental scales [17, 20–23], while numerous site-specific 
reports have indicated that interannual variability in ANPP is poorly or even not 
at all correlated with annual climate conditions [19, 24, 25]. Changes in precipita-
tion or temperature during certain parts of the year have been proven to be more 
relevant drivers of ANPP than annual changes [26–29], and the impacts on vegeta-
tion production varied with seasons [13, 28, 30, 31]. For instance, warming in 
early spring increased grassland productivity by ameliorating cold temperature 
constraints on plant growth in northern mid- and high latitudes [32, 33] and 
advancing spring greening phenology [34–36]. Temperature increases in summer; 
however, it can depress productivity by reducing soil moisture and intensifying 
physiological stress [13].

The Loess Plateau of China has a total area of about 52 million hectares and is 
widely known for its fragile ecological environment, frequent severe droughts and 
problems with water runoff and soil erosion [37]. In recent years, the complicated 
landscape, frequent droughts and severe soil erosion have attracted worldwide 
attention and caused sustained deterioration of the ecosystem of this region. In 
contrast to numerous studies in the temperate grasslands of Inner Mongolia and the 
alpine grasslands of the Tibetan Plateau, very few reports are available on responses 
of grassland productivity to climate variability on the more arid Loess Plateau 
in China [3], especially with respect to responses to seasonal climatic variability. 
Restoration of the natural vegetation is regarded as the most effective method for 
changing the ecological environment of the Loess Plateau [7, 8, 38].

As a major determinant of nutrient cycling, litter decomposition is a fundamen-
tal process of grassland ecosystem functioning [39]. Decomposition traits of plant 
litters are affected by a number of factors, including litter quality, abiotic environ-
ment and soil organisms [40]. In general, plant litters with high C:N ratio and lignin 
concentration are supposed to have slow decomposition and nutrient immobilisa-
tion processes, whereas low C:N ratio and low lignin concentration contribute to 
fast decomposition and nutrient mineralisation processes. Decomposition traits 
of plant materials may vary with succession stages. For example, late-seral domi-
nant grasses normally had high tissue N concentrations, low C:N ratios and lignin 
concentrations, which result into fast decomposition rate and enhanced nutrient 
mineralisation.

Most previous studies have focused on plant species richness and diversity in aban-
doned croplands following short-term grazing exclusion in China [8, 41, 42]. Few studies 
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have reported on the restoration succession of typical natural steppe under long-term 
grazing exclusion [19, 43]. In the present study, Stipa steppe has been fenced from 1982 
to the present at Yunwu Mountain National Nature Reserve, and long-term grassland 
ecological characteristics, productivity and weather records have been collected.

The community in the study area consists of 313 plant species, covering 56 families 
and 165 genera, with five main families being Compositae, Gramineae, Leguminosae, 
Rosaceae and Labiatae [44]. The dominant Stipa plants include S. bungeana, S. grandis 
and S. przewalskyi, and main forbs are Thymus mongolicus, Artemisia sacrorum and 
Potentilla acaulis [45]. Genus-specific morphological and functional traits contrib-
uted the dominance of Stipa plants in temperate, subtropical and tropical steppe 
in semiarid areas worldwide [46]. Meanwhile, Stipa species showed various adapt-
abilities to environmental changes, presenting an ecological distribution pattern 
along the climate gradients [47]. There are 32 species, 1 subspecies and 3 variations 
in genus Stipa plants in China, mainly distributed in western and northeastern area, 
and 5 Stipa species are found in our study area. As the constructive species,  
S. bungeana mainly distributed on the Loess Plateau [48]. Noticeably, replacement 
of dominant Stipa species occurred during the long-term restoration process, with 
Stipa bungeana being replaced by S. grandis and S. przewalskyi [49]. The three Stipa 
species differentiated in their phenotypic traits. In detail, S. grandis owns higher 
plant height, and S. przewalskyi possesses more tillers. Besides, S. bungeana and S. 
przewalskyi consistently flower and produce seeds earlier than S. grandis [49].

The temperature and precipitation variability during 1982–2011 were assessed 
in this study; the ecological characteristics during long-term grazing exclusion 
were examined; the relationship between grassland productivity and variation 
in climate variables were explored; and the variations in decomposition traits of 
three Stipa dominant species (S. bungeana, S. grandis and S. przewalskyi) were 
determined.

2. Material and method

2.1 Study site

This study was conducted in Yunwu Mountain National Nature Reserve on 
the Loess Plateau (106°24′–106°28′ E, 36°13′–36°19′ N) (Figure 1) [45, 50]. 

Figure 1. 
Location of experimental site.



Plant Communities and Their Environment

136

1. Introduction

As one of the most important and largest terrestrial ecosystems in the world, 
grasslands cover 30% of the land surface and are mainly distributed in arid and 
semiarid regions [1]. Due to global climate change and human activity, such as 
heavy grazing, grasslands in this area have undergone desertification and even 
virtually disappeared in recent decades [2, 3], making restoration process urgent 
for degraded grasslands [4, 5]. Current studies about grassland restoration mainly 
focus on several key components: community composition and structure, species 
diversity, soil properties and vegetation succession process [6–10]. Grassland is 
considered very sensitive to climate changes [11–14] and also is influenced by soil 
resource availability [15, 16].

Compared with forest ecosystem and cropland ecosystem, aboveground net 
primary productivity (ANPP) of grasslands is highly temporally variable [16, 17]. 
Specifically, climate-driven variability in grassland productivity has important 
effects on the global carbon balance, ecosystem service delivery, profitability of 
pastoral livelihoods and the sustainability of grassland resources [11, 18, 19]. Many 
ecologists have analysed the impacts of annual precipitation and temperature on 
ANPP at regional and continental scales [17, 20–23], while numerous site-specific 
reports have indicated that interannual variability in ANPP is poorly or even not 
at all correlated with annual climate conditions [19, 24, 25]. Changes in precipita-
tion or temperature during certain parts of the year have been proven to be more 
relevant drivers of ANPP than annual changes [26–29], and the impacts on vegeta-
tion production varied with seasons [13, 28, 30, 31]. For instance, warming in 
early spring increased grassland productivity by ameliorating cold temperature 
constraints on plant growth in northern mid- and high latitudes [32, 33] and 
advancing spring greening phenology [34–36]. Temperature increases in summer; 
however, it can depress productivity by reducing soil moisture and intensifying 
physiological stress [13].

The Loess Plateau of China has a total area of about 52 million hectares and is 
widely known for its fragile ecological environment, frequent severe droughts and 
problems with water runoff and soil erosion [37]. In recent years, the complicated 
landscape, frequent droughts and severe soil erosion have attracted worldwide 
attention and caused sustained deterioration of the ecosystem of this region. In 
contrast to numerous studies in the temperate grasslands of Inner Mongolia and the 
alpine grasslands of the Tibetan Plateau, very few reports are available on responses 
of grassland productivity to climate variability on the more arid Loess Plateau 
in China [3], especially with respect to responses to seasonal climatic variability. 
Restoration of the natural vegetation is regarded as the most effective method for 
changing the ecological environment of the Loess Plateau [7, 8, 38].

As a major determinant of nutrient cycling, litter decomposition is a fundamen-
tal process of grassland ecosystem functioning [39]. Decomposition traits of plant 
litters are affected by a number of factors, including litter quality, abiotic environ-
ment and soil organisms [40]. In general, plant litters with high C:N ratio and lignin 
concentration are supposed to have slow decomposition and nutrient immobilisa-
tion processes, whereas low C:N ratio and low lignin concentration contribute to 
fast decomposition and nutrient mineralisation processes. Decomposition traits 
of plant materials may vary with succession stages. For example, late-seral domi-
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Most previous studies have focused on plant species richness and diversity in aban-
doned croplands following short-term grazing exclusion in China [8, 41, 42]. Few studies 
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have reported on the restoration succession of typical natural steppe under long-term 
grazing exclusion [19, 43]. In the present study, Stipa steppe has been fenced from 1982 
to the present at Yunwu Mountain National Nature Reserve, and long-term grassland 
ecological characteristics, productivity and weather records have been collected.

The community in the study area consists of 313 plant species, covering 56 families 
and 165 genera, with five main families being Compositae, Gramineae, Leguminosae, 
Rosaceae and Labiatae [44]. The dominant Stipa plants include S. bungeana, S. grandis 
and S. przewalskyi, and main forbs are Thymus mongolicus, Artemisia sacrorum and 
Potentilla acaulis [45]. Genus-specific morphological and functional traits contrib-
uted the dominance of Stipa plants in temperate, subtropical and tropical steppe 
in semiarid areas worldwide [46]. Meanwhile, Stipa species showed various adapt-
abilities to environmental changes, presenting an ecological distribution pattern 
along the climate gradients [47]. There are 32 species, 1 subspecies and 3 variations 
in genus Stipa plants in China, mainly distributed in western and northeastern area, 
and 5 Stipa species are found in our study area. As the constructive species,  
S. bungeana mainly distributed on the Loess Plateau [48]. Noticeably, replacement 
of dominant Stipa species occurred during the long-term restoration process, with 
Stipa bungeana being replaced by S. grandis and S. przewalskyi [49]. The three Stipa 
species differentiated in their phenotypic traits. In detail, S. grandis owns higher 
plant height, and S. przewalskyi possesses more tillers. Besides, S. bungeana and S. 
przewalskyi consistently flower and produce seeds earlier than S. grandis [49].

The temperature and precipitation variability during 1982–2011 were assessed 
in this study; the ecological characteristics during long-term grazing exclusion 
were examined; the relationship between grassland productivity and variation 
in climate variables were explored; and the variations in decomposition traits of 
three Stipa dominant species (S. bungeana, S. grandis and S. przewalskyi) were 
determined.

2. Material and method

2.1 Study site

This study was conducted in Yunwu Mountain National Nature Reserve on 
the Loess Plateau (106°24′–106°28′ E, 36°13′–36°19′ N) (Figure 1) [45, 50]. 

Figure 1. 
Location of experimental site.
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Grassland in this area was restored from grazing as a long-term ecological 
monitoring station since 1982. The elevation of this study area is 1800–2180 m 
and has a total area of 6660 hm2. The mean annual temperature is 7.01°C, and 
there are on average 137 frost-free days per year [49]. The mean annual pre-
cipitation is 425 mm, with 60–75% of rainfall falling during July–September. 
The mean annual evaporation is 1017–1739 mm. Snow cover depth in winters 
averaged 1.2 cm during the dormancy period. The vegetation type is typical 
steppe. Gentianaceae, Stipa and Potentilla are important plant components, and 
the main dominant species include S. bungeana, Stipa grandis, S. przewalskyi, 
Thymus mongolicus, Artemisia sacrorum, Potentilla acaulis and Androsace erecta 
[45]. Soil type is montane grey-cinnamon soil [45].

2.2 Experimental design and sampling

2.2.1 Grassland ecological survey

The grassland sites have been restored from grazing exclusion since 1982, 
and consequently goat grazing was excluded [45, 49, 50]. Three equal-sized 
transect of 300 × 100 m was established at the top, middle and down positions 
of the same slope, respectively. And, 15 quadrats (1 × 1 m) were established 
within each transect. The vegetation survey was carried out in mid- or late 
August each year during 1982–2011. Plant coverage, height, species abundance 
and plant density in each quadrat were measured. Aboveground parts of grass-
land plants were clipped and dried at 65°C for 48 h to determine aboveground 
biomass [43]. Plant roots of 0–120 cm soil layers were collected with a soil 
auger of 9 cm diameter, then were washed and dried to determine belowground 
biomass.

Important value (IV) was used to describe the importance of species in grass-
land community during the restoration process. Shannon-Wiener index was used to 
indicate diversity and evenness of plant community [50]. All indices were calcu-
lated according to 8 and 43.

Important value (IV)

  IV =   RH + RC + RA + RF  _____________ 4    (1)

where IV is the important value, RH is the relative height, RC is the relative 
coverage, RA is the relative abundance and RF is the relative frequency.

Diversity index (H), using Shannon-Wiener index

  H = −  ∑ 
i=1

  
S
     P  i   ln  P  i    (2)

where S is the total species number of a quadrat and Pi is the relative importance 
value of species i.

2.2.2 Litter decomposition experiment

Considering the difficulty of gathering sufficient senesced leaves, leaves of three 
Stipa species (S. bungeana, S. grandis and S. przewalskyi) were collected in August 
of 2013 and then dried at 40°C as decomposition materials, according to other 
decomposition studies [51–53]. Leaf litters were cut into pieces of 10 cm in length 
and enclosed in nylon bag (15 g bag−1, 15 × 10 cm, 0.15 mm mesh).

139

Responses of Community Structure, Productivity and Turnover Traits to Long-Term Grazing…
DOI: http://dx.doi.org/10.5772/intechopen.85306

In early October of 2013, the leaf litterbags of three Stipa species were 
transferred to grassland site restored for 23 years. Four plots of 10 × 10 m were 
established, and seven leaf litterbags of each Stipa species were placed on the soil 
surface and secured in place with iron nails on each of four plots. Four leaf litterb-
ags of each Stipa species were harvested after 1, 3, 6, 9, 12, 18 and 24 months of 
incubation.

In the laboratory, leaf litters were removed from bags, cleaned to remove any 
extraneous material and weighed after drying at 65°C for 48 h. Leaf litters were 
analysed for carbon (C), nitrogen (N) and phosphorus (P). C was determined by 
oxidation with potassium dichromate in a heated oil bath. N was determined by the 
semimicro Kjeldahl method. P was determined by Olsen method [54].

According to [55], decomposition rate (k) of leaf litters was estimated by the 
negative exponential decay function:

    X ___  X  0     =  e   −kt   (3)

where X is the remaining mass, X0 is the initial mass and t is the decaying time (year).
Based on the nutrient concentration and remaining mass, we further calculated 

nutrient accumulation index (NAI) for C, N and P of leaf litters during decomposi-
tion process [56, 57]:

  NAI =    X  t   ×  C  t   ______  X  0   ×  C  0     × 100%  (4)

where X0 and C0 indicate initial leaf litter mass and chemical element concen-
tration, respectively. Xt and Ct indicate remaining leaf litter mass and chemical 
element concentration after a period of time t (year), respectively.

2.3 Data analyses

All data in the paper are presented as mean ± standard error. A two-way analysis 
of variance was conducted to determine the effects of decomposition time, species 
and their interaction on decomposition rate, nutrient concentration and NAI of leaf 
litters. A linear mixed model was used to examine correlations of vegetative indices 
with restoration time, productivity with climate variables and remaining mass with 
decomposition time. Significant differences of all statistical tests were estimated at 
a significance level of P < 0.05. All statistical analyses were performed using SPSS 
18.0 (SPSS Inc., Chicago, IL, USA).

Partial least squares (PLS) regression was used to analyse the responses of 
grassland productivity to variation in daily temperature and precipitation dur-
ing all 365 days of the year based on data for 1992–2011 [58, 59]. The two major 
outputs of PLS analysis are the variable importance in the projection (VIP) and 
standardised model coefficients. The VIP threshold for considering variables as 
important is often set to 0.8 [60]. The standardised model coefficients indicate 
the strength and direction of the impacts of each variable in the PLS model. The 
root-mean-square errors (RMSE) of the regression analyses were calculated to 
determine the accuracy of the PLS model. In the PLS analyses, periods with VIP 
greater than 0.8 and high absolute values of model coefficients represent the 
relevant phases influencing grassland productivity. Positive model coefficients 
indicate that increasing temperature or precipitation during the respective period 
should increase ANPP, while negative model coefficients imply negative impacts on 
productivity.
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Grassland in this area was restored from grazing as a long-term ecological 
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All data in the paper are presented as mean ± standard error. A two-way analysis 
of variance was conducted to determine the effects of decomposition time, species 
and their interaction on decomposition rate, nutrient concentration and NAI of leaf 
litters. A linear mixed model was used to examine correlations of vegetative indices 
with restoration time, productivity with climate variables and remaining mass with 
decomposition time. Significant differences of all statistical tests were estimated at 
a significance level of P < 0.05. All statistical analyses were performed using SPSS 
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Partial least squares (PLS) regression was used to analyse the responses of 
grassland productivity to variation in daily temperature and precipitation dur-
ing all 365 days of the year based on data for 1992–2011 [58, 59]. The two major 
outputs of PLS analysis are the variable importance in the projection (VIP) and 
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indicate that increasing temperature or precipitation during the respective period 
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Figure 3. 
Changes of coverage (a), number of plants (B), plant density (C) and Shannon-wiener index (D) of grassland 
with grazing exclusion time at 5, 10, 15, 20, 25 and 30 years.

3. Results

3.1 Temperature and precipitation changes

The annual mean air temperature had an increasing trend and increased by 
1.17°C from 1982 to 2011(Figure 2A). In contrast with mean annual temperature, 
mean annual precipitation showed a decreasing trend and larger intra- and interan-
nual variations in our study, indicating the warmer and drier climate. The mean 
annual precipitation from 1982 to 2011 was 425.42 mm, with markedly lower values 
in 1986, 1991 and 1999 and with higher values in 2003 (Figure 2B).

Figure 2. 
Mean annual air temperature (a) and mean annual rainfall (B) of growing season, nongrowing season and 
entire year at Yunwu Mountain during 1982–2011.
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3.2 Vegetative ecological characteristics after grazing exclusion

Grassland coverage, plant species richness (number of plant species), plant den-
sity (number of plant individuals) and Shannon-Wiener index had similar variation 
tendencies during the three-decade restoration process (Figure 3). Initially, the 
coverage, plant richness, plant density and Shannon-Wiener index significantly 
increased. After 20 years’ restoration, they reached peak values of 92.47%, 29.33 
species m−2, 161.8 individuals m−2 and 2.93, respectively. With grazing exclusion 
process continuing, the four indices’ values decreased to 88.73%, 28.2 species m−2, 
138.7 individuals m−2 and 2.47, respectively (Figure 3).

3.3 Biomass changes in grassland community after grazing exclusion

There were significant differences in aboveground biomass between four groups 
and between total aboveground biomass and total belowground biomass (Figure 4).  

Figure 4. 
Biomass changes of Gramineae (a), Leguminosae (B), Compositae (C), weeds (D), aboveground community 
(E) and belowground community (F) of grassland with grazing exclusion time at 5, 10, 15, 20, 25 and 30 years.
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Aboveground biomasses of four plant groups increased with restoration time after 
grazing exclusion. Aboveground biomass of Gramineae and Compositae peaked at 
the 20th year, while that of Leguminosae peaked at the 25th year, and that of Weeds 
families peaked at the 15th year during restoration process after grazing exclusion. 
Considering the reduced biomasses of weed families, long-term grazing exclusion 
improved forage quality of grassland. Meanwhile, aboveground and belowground 
community biomasses were both increased by grazing exclusion. Since grassland 
mainly consisted of plants belonging to Gramineae and Compositae, peaks of the 
total above- and belowground community biomass both occurred at the 20th year, 
with aboveground community biomass of 520.5 g m−2 and belowground commu-
nity biomass of 3240.2 g m−2 (Figure 4).

3.4 Responses of aboveground productivity to climate variation

Regression analysis showed that ANPP was significantly correlated with MAT 
(Figure 5b) but was little influenced by AP variations (Figure 5a).

The VIP and standardised model coefficients of the PLS analysis showed that 
impacts of warming on grassland productivity varied with season periods (Figure 6a).  
Different with the clear-cut impacts of temperature on ANPP, precipitation showed 
more complex impacts (Figure 6b).

3.5 Decomposition traits of leaf litters of three dominant Stipa species

The remaining mass of leaf litters decreased with decomposition time and 
showed significant differences among three Stipa species (Figure 7). At the end of 
decomposition experiment, the remaining masses of leaf litters of S. bungeana, S. 
grandis and S. przewalskyi were 64.47%, 61.53% and 65.78%, respectively (Table 1).

Different lowercase letters in the same column indicate significant differences 
(P < 0.05).

During 2 years’ decomposition process, variations of nutrient concentration 
were affected by the nutrient type (Figure 8). In detail, concentrations of carbon 
and nitrogen showed species-specific fluctuations with decreasing tendency among 
three Stipa species. In contrast, phosphorus concentrations in leaf litters were aver-
aged doubled. There were significant differences in C:N ratio and nutrient accumu-
lation index (NAI) of leaf litters among three Stipa species (Table 2).

Figure 5. 
Correlations between ANPP and annual precipitation (a) and mean annual temperature (b) during 
1992–2011 at Yunwushan. AP means annual precipitation and MAT represents mean annual temperature.
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Figure 6. 
Results of partial least squares (PLS) regression correlating grassland productivity at Yunwu Mountain 
during 1992–2011 with 15-day running means of (a) daily mean temperature and (b) daily precipitation 
previously from September to august. Blue bars in the top row indicate that VIP values are greater than 
0.8, the threshold for variable importance. In the middle row, red colour means model coefficients are 
negative and important, while green colour indicates important positive relationships between grassland 
productivity and climate variables. The black lines in the bottom panel stand for daily mean temperature 
and precipitation, while grey, green and red areas represent the standard deviation of daily climate 
variables.

Figure 7. 
The remaining mass dynamics of leaf litters of three Stipa species during 2 years’ field decomposition process.

Species Remaining mass k-Value

First year Second year First year Second year

S. bungeana 70.05 ± 3.91 b 64.47 ± 3.66 ab 0.360 0.236

S. grandis 73.97 ± 1.81 ab 61.53 ± 5.24 b 0.320 0.242

S. przewalskyi 79.18 ± 1.49 a 65.77 ± 1.80 a 0.237 0.225

Table 1. 
Comparisons of litter decomposition traits after 1 and 2 years’ decomposition between three Stipa species.
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Comparisons of litter decomposition traits after 1 and 2 years’ decomposition between three Stipa species.
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NAI, nutrient accumulation index; ns indicates no significant effects (P > 0.05). 
** and *** indicate significant effects at P < 0.01 and P < 0.001 level, respectively.

Different with nutrient concentrations, nutrient accumulation indices in Figure 9  
indicated that C, N and P were all mineralised into soils during the decomposition 
process. There was no significant difference between species for carbon-releasing 
pattern (Figure 9).

Figure 8. 
Dynamic of carbon (a), nitrogen (b), phosphorus (c), concentrations and C:N ratio (d) of leaf litters of three 
Stipa species during 2 years’ field decomposition process.

Variables df Concentration (g·kg−1) C/N NAI

C N P C N P

Time 6 0.575 ns 4.701 ** 39.564 *** 3.877** 49.738 *** 23.944 *** 53.070 ***

Species 2 0.613 ns 18.860 *** 2.991 ns 9.074** 0.560 ns 11.026 *** 50.008 ***

Time×
Species

12 1.163 ns 1.843 ns 1.224 ns 1.889 ns 1.663 ns 1.014 ns 1.185 ns

Table 2. 
Analysis of variance of decomposition time, species for nutrient concentration, C:N ratio and NAI.
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4. Discussion

Anthropogenic activities and climate changes have made important impacts 
on terrestrial ecosystem structure and functions in the last century [30]. Global 
surface temperatures during the twentieth century was increased by 0.56–0.92°C, 
while temperatures are predicted to have an increment of 2.0–4.5°C in the twenty-
first century [61]. Annual mean air temperature was increased by 1.17°C from 
1982 to 2011 in this study, having similar temperature changing trends with study 
in Xilingol steppe of Inner Mongolia [61]. In detail, temperature rises differenti-
ated with seasons, with temperature rises of 1.01°C and 1.68°C in growing season 
and nongrowing season, respectively. Thus, the nongrowing season experienced 
a higher temperature rise than the growing season. In contrast with mean annual 
temperature, mean annual precipitation showed a decreasing trend and larger 
intra- and interannual variations in our study, indicating the warmer and drier 
climate. Previous researches have shown that vegetation characteristics could 
be improved using grazing exclusion in the degraded sandy grasslands, alpine 
meadow and wetlands in China [5, 62]. However, many of these restoration stud-
ies were based on a relatively short-term scale and the research strategy focusing 
on the spatial series substitute for temporal series methods [5, 63]. In this study, 
community coverage, plant species richness, plant density and Shannon-Wiener 
index had similar variation tendencies during the three-decade restoration process. 
After 20 years’ restoration, they reached peak values, but these four index values 
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NAI dynamics for carbon (a), nitrogen (b), phosphorus (c) of leaf litters of three Stipa species during 2 years’ 
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NAI, nutrient accumulation index; ns indicates no significant effects (P > 0.05). 
** and *** indicate significant effects at P < 0.01 and P < 0.001 level, respectively.
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Figure 8. 
Dynamic of carbon (a), nitrogen (b), phosphorus (c), concentrations and C:N ratio (d) of leaf litters of three 
Stipa species during 2 years’ field decomposition process.

Variables df Concentration (g·kg−1) C/N NAI

C N P C N P

Time 6 0.575 ns 4.701 ** 39.564 *** 3.877** 49.738 *** 23.944 *** 53.070 ***

Species 2 0.613 ns 18.860 *** 2.991 ns 9.074** 0.560 ns 11.026 *** 50.008 ***

Time×
Species

12 1.163 ns 1.843 ns 1.224 ns 1.889 ns 1.663 ns 1.014 ns 1.185 ns

Table 2. 
Analysis of variance of decomposition time, species for nutrient concentration, C:N ratio and NAI.
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a higher temperature rise than the growing season. In contrast with mean annual 
temperature, mean annual precipitation showed a decreasing trend and larger 
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ies were based on a relatively short-term scale and the research strategy focusing 
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decreased in the following years. These decreases mainly resulted from accumula-
tion of litter, which reduced the access to light for plant seedlings [64, 65]. Overall, 
30 years’ restoration made plant species richness increase from 9.5 species m−2 to 
28 species m−2 and make grassland coverage increase from 25 to 85%. In addition, 
plants were categorised into four groups: Gramineae, Leguminosae, Compositae 
and weeds. Considering the reduced biomasses of weeds, long-term grazing exclu-
sion improved forage quality of grassland. Meanwhile, aboveground and below-
ground community biomasses were both increased by grazing exclusion.

The rapid recovery due to grazing exclusion played a more important role 
than climatic variations in regulating grassland ecosystem. Therefore, datasets 
of aboveground grassland biomass and climate variables during 1992–2011 were 
used to examine the impacts of climate variations on aboveground net primary 
productivity (ANPP). Regression analysis showed that ANPP was significantly 
correlated with MAT and was little influenced by AP variations, while precipitation 
is regarded as the most important determinant of grassland productivity in arid 
and semiarid regions [19, 21, 66]. Considering the neglected temporal variation 
of annual climate variables, more attentions should be paid to studies at higher 
temporal resolution attributing impacts of climate variation on grassland produc-
tivity to seasonal or even daily variation in climatic variables rather than to annual 
variation [26, 27, 28, 29, 31]. A low root-mean-square error (RMSE) of 8.13 g m−2 
indicated a good fit of the data for the resulting PLS model. The VIP and stan-
dardised model coefficients of the PLS analysis showed that impacts of warming 
on grassland productivity varied with season periods. Since model coefficients in 
April and May were always positive and VIP values mostly exceeded 0.8, warming 
in this period had a positive impact on grassland productivity. The positive impacts 
of warming in spring on grassland productivity may result from increased water 
absorption, N mineralisation, accelerated snowmelt and advanced spring greening 
for plants, which may lengthen the growing season and increase photosynthesis 
and carbon acquisition for plants [13, 67–69].

Warming in summer (June–July) depressed productivity, forming a striking 
contrast with the impacts of spring warming. The results can be explained by physi-
ological stress for plant growth generated by warming in summer coinciding with 
drought [70]. Moreover, warming in summer may reduce soil moisture by increas-
ing evapotranspiration [71]. It is believed that climate variations make impacts on 
grassland productivity through changes of soil moisture [24, 72, 73]. Furthermore, 
continuous warming and drought in summer reduced productivity by limiting soil 
resource availability [74, 75]. And, temperature variation in August had no apparent 
impacts on grassland productivity.

The majority of published studies have focused on productivity responses to 
climate variability during the growing season. However, the importance of winter 
climate is getting more and more attentions [76–80]. Considering the majority of 
model coefficients during September–March, high temperature at that time was 
unfavourable for productivity of the following year. Temperature increases during 
September–October delay the senescence of grassland, which may increase soil 
nutrient and water depletion, inhibiting biomass production in the following year 
[36, 69, 81]. Our results were similar with warming experiments in two limestone 
grasslands in the UK, which showed that winter heating combined with drought 
reduced the biomass of both communities [11]. Besides, warmer winter can accel-
erate snowmelt, resulting in declines of snow cover accompanied with increases 
of frequency of freezing events, which exerted negative impacts on plant growth 
[76, 82]. Also, warming in winter may delay the fulfilment of chilling require-
ments of plants for resuming growth in the following spring or even delay onset 
of spring phenology [58, 59, 77–79, 83].
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Interestingly, some short intervals with positive coefficients during 1 
November–29 March were detected during 1992–2011, indicating a complex physi-
ological and ecological process in dormancy period of grassland. Taking a broader 
view at model coefficients and aiming at consistency with established phenological 
phases, we interpreted the entire period (November–March) as another relevant 
period during which temperature increases appeared to reduce grassland produc-
tivity. Therefore, we recommend that more scientific attention should be paid to 
impacts of winter warming on grassland productivity and the timing of spring 
phenology events.

The daily precipitation values between the previous September and August were 
also used as independent variables in the PLS analysis. The resulting model still 
proved to be a good fit for the data, with an RMSE of 6.53 g m−2. Different with the 
clear-cut impacts of temperature on ANPP, precipitation showed more complex 
impacts. Precipitation increases in June and July had positive impacts on produc-
tivity, while increasing precipitation during the senescence period (September–
October) and the early growing season (April–May) was correlated with low 
productivity. In contrast to studies reporting the positive impacts of precipitation 
during April–May on grassland productivity [29, 30], results in the present study 
can be explained by the site hydrology, with frequent winter snow providing suf-
ficient soil water for plant growth, making sporadic precipitation during April–May 
(with an average of 59.5 mm during 1992–2011) which has less important direct 
impacts on grassland productivity. Similarly, there was also no significant relation-
ship between grassland ANPP and precipitation in August. Similar results have also 
been reported for grasslands in Kansas, USA [13]. During the dormancy period, 
positive impacts of precipitation were almost offset by negative ones; thus, precipi-
tation seemed to have little impacts on grassland productivity during this period.

Investigating the decomposition traits of dominant Stipa species’ (S. bungeana, 
 S. grandis and S. przewalskyi) litters can reveal the ecosystem cyclic process 
under grazing exclusion and climatic changes. The remaining mass of leaf litters 
decreased with decomposition time and showed significant differences among 
three Stipa species. At the end of decomposition experiment, the remaining mass 
of leaf litters of S. bungeana, S. grandis and S. przewalskyi were 64.47%, 61.53% and 
65.78%, respectively. Therefore, S. grandis decomposed fast, and S. przewalskyi had 
a slow decomposition rate. Additionally, leaf litters decomposed faster in growing 
season (6–12 month and 18–24 month) than in nongrowing season (0–6 month and 
12–18 month). The decomposition rate (k) was calculated based on the regression 
of negative exponential decay function, with k-values of 0.360, 0.320 and 0.237 
after 1 year’s decomposition for S. bungeana, S. grandis and S. przewalskyi, respec-
tively. Similarly, k-values after 2 years’ decomposition of S. bungeana, S. grandis 
and S. przewalskyi were 0.236, 0.242 and 0.225, respectively. Since higher k-values 
indicate higher decomposition rates, we concluded that litter’s decaying progress 
became difficult as decomposition time increases, mainly due to the depletion of 
soluble compounds and easily decayed parts at the beginning of decomposition 
process, leaving hard parts such as lignin to decay slowly [39].

The variations of nutrient concentration were affected by nutrient type during 
2 years’ decomposition process during 2013–2014(Figure 8 and Table 2). In detail, 
concentrations of carbon and nitrogen showed species-specific fluctuations with 
decreasing tendency among three Stipa species (Figure 8a and b). In contrast, 
phosphorus concentrations in leaf litters were averaged doubled (Figure 8c), indicat-
ing immobilisation of P in the leaf litters, possibly due to microbial immobilisation 
through the uptake of P from soil solution and translocation of P from fungal hyphae 
[84]. There were significant differences in C:N ratio of leaf litters among three Stipa 
species (Figure 8d). S. przewalskyi had higher C:N ratio than S. bungeana, which 



Plant Communities and Their Environment

146
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The rapid recovery due to grazing exclusion played a more important role 
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used to examine the impacts of climate variations on aboveground net primary 
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drought [70]. Moreover, warming in summer may reduce soil moisture by increas-
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impacts on grassland productivity.
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model coefficients during September–March, high temperature at that time was 
unfavourable for productivity of the following year. Temperature increases during 
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nutrient and water depletion, inhibiting biomass production in the following year 
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species (Figure 8d). S. przewalskyi had higher C:N ratio than S. bungeana, which 
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explained the differences of decomposition rates between them. As the dominant 
species in late succession stage of grassland, C:N ratio of S. przewalskyi litters did not 
show a lower value as predicted from other studies [51], possibly due to the diver-
gences of climate and species between two regions. C:N ratio has been proven to be 
negatively correlated with decomposition rate. Besides, the lower k-value after 2 years’ 
decomposition process could be explained by the increased C:N ratio of leaf litters. 
Compared with nutrient concentrations, nutrient accumulation indices indicated 
that C, N and P were all mineralised into soils during the decomposition process. 
There was no significant difference between species for carbon-releasing pattern. 
Still, NAI value for C of S. przewalskyi was higher than two other Stipa species after 
2 years’ decomposition (Figure 9). The lower NAI values for N and P of S. bun-
geana indicated that S. bungeana released more N and P to soil than the two other 
Stipa species. From this perspective, replacement of Stipa species after long-term 
grazing exclusion might inhibit nutrient cycling of grassland ecosystem, due to the 
lower nutrient mineralisation in leaf litters of two Stipa species at middle and late 
succession stage.

5. Conclusion

The present study indicated that grazing exclusion induced positive effects on 
grassland vegetative characteristics, with peak values in the 20th year (2002), and 
long-term grazing exclusion led to decreased species diversity and biomass and can 
inhibit grassland renewing due to the litter accumulation. Besides, nutrient cycling 
in grassland might be slowed down through replacement of dominant species 
during long-term grazing exclusion. Grassland productivity was more influenced 
by temperature than precipitation. Results indicated that analysis of productiv-
ity responses should account not only for the magnitude of climate variation but 
also for its timing. Climate warming might prolong/shorten growing season by 
advancing/delaying onset of greenness of plant community. Warmer winter further 
decreases ANPP, and impacts of warming in early spring should also be considered 
in evaluating ANPP variability. Therefore, more scientific attention should be paid 
to trends in spring phenology and their impacts on productivity at species and 
community levels.
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Chapter 7

Aphid-Plant Interactions: 
Implications for Pest Management
Sarwan Kumar

Abstract

Aphids are important herbivores and important pest of many field and 
forest crops. They have specialized long and flexible stylets which are adapted 
to feeding on phloem sap. To establish successful feeding on host plant, they 
need to counter a range of both physical and chemical defenses. The defenses 
employed by plants can have direct effect on the aphid species through difficulty 
in establishing successful feeding due to the presence of trichomes, thick cell 
wall, etc. or effect on their biology with lethal consequences in extreme cases 
(direct defenses). In contrast to this, plants can attract natural enemies of aphids 
through the release of volatile compounds (the so-called “cry or call for help”) 
(indirect defense). The information on different defense strategies employed by 
plants can be utilized to enhance the level of resistance (R) to develop sustainable 
pest management strategies.

Keywords: Aphidoidea, insect-plant interactions, phloem feeding, plant defense, 
sieve elements

1. Introduction

Aphids constitute a major group of crop pests that limit productivity of many 
crops and cause serious damage to plants both by direct feeding and indirectly as 
vectors of many diseases. Despite being a relatively small insect group (about 5000 
known species) compared to 10,000 species of grasshoppers, 12,000 species of 
geometrid moths, and 60,000 species of weevils, aphids are a serious problem for 
agriculture [1–3]. Of the 5000 known species in family Aphididae, 450 are endemic 
on crop plants, and 100 have successfully exploited the agricultural environment 
to the extent that they are of significant economic importance [3]. They are the 
specialized phloem sap feeders resulting in significant yield losses in many crops. 
It is their ability to rapidly exploit the ephemeral habitats that makes them seri-
ous pests, and this ability results from (i) their high reproductive potential, (ii) 
their dispersal capacities, and (iii) their adaptability to local survival [2]. Unlike 
majority of insects, aphids exhibit parthenogenetic viviparity—phenomenon that 
limits the need for males to fertilize females and eliminates egg stage from their life 
cycle. Thus, aphids reproduce clonally and give birth to young ones, and embryonic 
development of an aphid begins before its mother’s birth leading to telescoping 
of generations. All these traits allow aphids to exploit the periods of rapid plant 
growth, conserve energy, and allow for short generation times; nymphs of certain 
aphid species can reach maturity in as little as 5 days [4].
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The well-known parthenogenesis exhibited by aphids sets them apart from 
other Hemiptera and has a great influence on their biology. In addition to par-
thenogenesis, many species of aphids also exhibit alternation of generations. The 
system of alternating one bisexual generation with a succession of parthenogenetic, 
all-female generation evolved as far back as the Triassic [3] which was later coupled 
with evolution of viviparity. All these led to reduction in their development period 
allowing them to multiply at a faster rate. Further, to conserve energy and to invest 
it in maximizing their reproduction and survival, aphid colonies exhibit wing 
dimorphism to produce highly fecund wingless morphs or less prolific winged 
progeny that can disperse to new host plant.

2. Aphid biology and behavior

Aphids are specialized phloem sap feeders and chemists par excellence. In most of 
cases, they exhibit passive feeding by high pressure within the sieve elements (SEs) 
and feed on virtually all plant families. While most of the species are specialists on a 
single host plant, some of them are generalists with relatively broad host range [5]. 
The aphid life cycles involve sexual and asexual morphs, and most of the species 
have relatively complicated life cycles with morphs that specialize in reproduction, 
dispersal, and survival under adverse conditions. Based on host utilization, aphids 
have two different types of life cycle: heteroecious or host alternating and monoe-
cious/autoecious or nonhost alternating. Heteroecious species live on one plant spe-
cies (primary host) in winter and migrate to another taxonomically unrelated plant 
species (secondary host) in summer and again migrate to primary host in autumn. 
While oviparity is exhibited on the primary host, on the secondary host, they 
reproduce parthenogenetically. These changes in sexual fate and reproductive mode 
are condition dependent and explain the extraordinary plasticity in development 
in response to environmental cues. Aphid species that interrupt parthenogenetic 
reproduction with sexual reproduction are termed as holocyclic. In contrast to host-
alternating aphids, nonhost-alternating aphids remain either on the same or closely 
related host species throughout the year. They complete both sexual life cycle as well 
as parthenogenetic life cycle on the same host species. In contrast to this, there are 
species which do not produce eggs and are known as anholocyclic. Some species, 
particularly those having cosmopolitan distribution, exhibit both holocyclic and 
anholocyclic life, both at the same time in different geographical areas [6] but rarely 
both monoecy and heteroecy [7]. The presence of both biparental sexual and asexual 
life cycle ensures that aphids take advantage of both genetic recombination that help 
them to evolve and parthenogenesis (very convenient to exploit short-lived hosts).

3. Aphid mouthparts

The beak-like modification of mouthparts (labium, labrum, maxillae, and 
mandibles) is a distinct character of members of order Hemiptera. Generally the 
labium (and rarely labrum) is modified into rostrum, into the groove of which 
needlelike mandibular and maxillary stylets rest when not in use [8]. These needle-
like mouthparts enable insects to penetrate the plant tissue and feed on the plant 
sap. Mandibles constitute the outer stylets and are important in physical penetra-
tion of cell walls, while maxillae form the inner ones [9] and form major role in 
selection of host plant [10]. Since the stylets can penetrate the individual cells due 
to their microstructure, this enables the aphids to puncture the symplast without 
wounding. This behavior is important for phloem-feeding insects which helps them 
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to inoculate viruses into vascular and nonvascular plant cells. Recently, Uzest et al. 
[11] reported the existence of distinct anatomical structure called “acrostyle” on the 
tips of maxillary stylets of aphids which is an expanded part of cuticle visible in the 
common duct of all aphid species.

The presence of four- or five-segmented rostrum (labium) is the characteristic 
of the family Aphididae [12], and five-segmented labium does not occur in the 
other groups of Hemiptera. The four-segmented labium has been confirmed in 
members of Aphidinae, e.g., Aphis fabae [13], Myzus persicae [14], and Schizaphis 
graminum [15], and the five-segmented labium is confirmed only in Lachninae, 
e.g., Lachnus roboris (L.), which has resulted from the secondary division of the 
apical segment [16]. However, Razaq et al. [17] observed another modification with 
only three-segmented labium in Aphis citricola van der Goot (Aphidinae). Labium 
exhibits variation in length, and in most of the species, it reaches the coxa of the 
third pair of legs. However, it can be exceptionally long (as long as the body) in spe-
cies that feed on the trunk, branches, and roots of trees as in members of families 
Lachninae and Eriosomatinae.

4. Compatible aphid-plant interactions

Aphids are specialized phloem sap feeders which insert their needle like stylets in 
the plant tissue avoiding/counteracting the different plant defenses and withdraw-
ing large quantities of phloem sap while keeping the phloem cells alive. In contrast 
to the insects with biting and chewing mouthparts which tear the host tissues, 
aphids penetrate their stylets between epidermal and parenchymal cells to finally 
reach sieve tubes with slight physical damage to the plants, which is hardly per-
ceived by the host plant [6]. The long and flexible stylets mainly move intercellular 
in the cell wall apoplasm [18], although stylets also make intracellular punctures to 
probe the internal chemistry of a cell. The high pressure within sieve tubes helps in 
passive feeding [6]. During the stylet penetration and feeding, aphids produce two 
types of saliva. The first type is dense and proteinaceous (including phenol oxi-
dases, peroxidases, pectinases, β-glucosidases) that forms an intercellular-tunneled 
path around the stylet in the form of sheath [19]. In addition to proteins, this gelling 
saliva also contains phospholipids and conjugated carbohydrates [20–22]. This stylet 
sheath forms a physical barrier and protects the feeding site from plant’s immune 
response. When the stylet comes in contact with active flow of phloem sap, the 
feeding aphid releases digestive enzymes in the vascular tissue in the form of second 
type of “watery” saliva. The injection of watery saliva (E1) prevents the coagula-
tion of proteins in plant sieve tubes, and during feeding the watery (E2) saliva gets 
mixed with the ingested sap which prevents clogging of proteins inside the capillary 
food canal in the insect stylets [6]. Though the actual biochemical mode of action 
of inhibition of protein coagulation is unknown, the calcium-binding proteins of 
aphid saliva are reported to interact with the calcium of plant tissues resulting in 
suppression of calcium-dependent occlusion of sieve tubes and subsequent delayed 
plant response [23, 24]. This mechanism of feeding is more specialized and precise 
which avoids different allelochemicals and indigestible compounds abundant in 
other plant tissues [25]. In addition to this, aphid saliva also contains nonenzymatic-
reducing compounds which in the presence of oxidizing enzymes inactivate differ-
ent defense-related compounds produced by plants after insect attack [21].

The early response of plants to feeding by insects or infection by patho-
gens shares some common events such as protein phosphorylation, mem-
brane depolarization, calcium influx, and release of reactive oxygen species 
(ROS, such as hydrogen peroxide) [26], which leads to the activation of 
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phytohormone-dependent pathways. In response to infestation/infection, dif-
ferent phytohormone-dependent pathways are activated. The ethylene (ET) and 
jasmonate (JA) pathways are activated by different necrotrophic pathogens [27] 
and grazing insects [28], while salicylate (SA)-dependent responses are activated 
by biotrophic pathogens [27]. These responses lead to the production of various 
defense-related proteins and secondary metabolites with antixenotic or antibiotic 
properties. In the case of infestation by aphids, a SA-dependent response appears 
to be activated, while the expression of JA-dependent genes is repressed [29–32]. 
All these responses lead to the manipulation of the plant metabolism to ensure 
compatible aphid-plant interactions.

5. Aphid endosymbionts

The plant phloem sap is a highly unbalanced diet composed principally of sugars 
and amino acids with high C:N content. To cope with excess of sugars in their diet, 
aphids have evolved modification in their intestinal tract and filter out excess of 
sugars and water in the form of honeydew [33]. The most of amino acids are present 
at very low concentrations. Despite their nutritionally poor diet, aphids exhibit high 
growth and reproduction rates. Since aphids directly feed on the sugars and amino 
acids, they need not spend extra energy to digest complex nutrients such as proteins 
which remarkably increases their assimilation efficiency. In addition to this, the 
essential amino acids required by their growth and development are synthesized by 
symbiotic bacteria present in their body. Generally two types of symbiotic bacteria 
are known to be present in aphids: the primary (obligate) symbionts and second-
ary (facultative) symbionts. Buchnera aphidicola (γ3-proteobacteria: Escherichia 
coli is also a member of this group) is the most common vertically transmitted 
primary symbiont present in most aphid species [34]. Some species of aphids also 
bear other bacteria, i.e., “secondary symbionts.” These include several species of 
γ-proteobacteria such as Serratia symbiotica, Regiella insecticola, and Hamiltonella 
defensa [35–43]. B. aphidicola is a coccoid hosted in the cytoplasm of specialized 
cells called mycetocytes/bacteriocytes in the hemocoel of insect. These endosym-
bionts upgrade the aphid diet by converting nonessential amino acids to essential 
amino acids. The evolution of symbiotic relationship with endosymbionts has 
enabled aphids to exploit new ecological niches, i.e., to feed on the plant phloem sap 
which is otherwise the nutritionally poor diet.

6. Response of aphids to plant characters

The decision for suitability of the plant as a host is made in the very first phase 
of the host selection. Alate aphids use both visual [44] and chemical cues [45] to 
decide landing on a plant. Upon landing aphids encounter trichomes as the first line 
of defense. Trichomes can be either glandular or nonglandular. Regardless of their 
structure, trichome density has significant influence on aphid feeding [46]. Many 
crop wild relatives (CWRs) of cultivated plants and resistant varieties are resistant 
to aphid attack due to the presence of trichomes that affect aphid movement and 
stylet insertion [47]. For example, the presence of high density of trichomes (both 
simple and glandular) in wild tomato, Lycopersicon pennellii (Corr.) D’Arcy, imparts 
high level of resistance (R) to aphid attack. In addition, the glandular trichomes 
produce toxic exudates that trap aphids and kill them.

In addition to trichomes, plants possess other constitutive defenses such as 
thorns and thick cell walls that provide direct resistance to plants against aphid 
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feeding. Though these mechanical barriers are constitutive defenses, they can also 
be produced in response to aphid feeding (directly induced defenses).

In addition to these structural defenses, constitutive defenses can also be 
chemical. For example, glandular trichomes of Solanum berthaultii Hawkes produce 
(E)-farnesene—aphid alarm pheromone that triggers aphid dispersal and prevents 
colonization [48]. Such antixenotic defenses are of great significance and particularly 
effective against aphid species that act as vectors of plant pathogenic viruses. However, 
successful virus transmission can occur even on nonhost plants as stylet insertion is 
sufficient for some successful infection by quickly acquired viruses. Aphid salivation 
occurs on even resistant plants even if they do not feed on such resistant plants [23].

The depth of the sieve elements is an important factor determining successful 
feeding. The length of the aphid stylets must be compatible with the depth of sieve 
elements. In addition, thickness at the tip of stylets is also crucial for successful 
feeding [49]. The movement of stylets through plant tissue is mostly intercel-
lular, and aphids probe all the cells that they encounter during probing. Sensorial 
structures located at the back of the mouth characterize the plant sap, and aphids 
recognize the substrate as host or nonhost. On nonhost plants, aphids retract the 
stylets and leaves in search of suitable host unless the plant produces toxins [50]. 
Many plant species possess toxic compounds that can be either constitutive or 
induced that have detrimental effect on insects. The well-known examples include 
plants in the family Brassicaceae and Solanaceae.

Brassica plants possess a well-studied class of sulfur-containing secondary 
metabolites—glucosinolates—that defend them from insects. However, during 
the course of evolution, some (though only a few) insects have been specialized to 
feed even on these plants. The examples include the turnip aphid, Lipaphis erysimi 
(Kaltenbach); cabbage aphid, Brevicoryne brassicae (L.); and cabbage white butter-
flies, Pieris brassicae and P. rapae [51]. These insects have evolved to use otherwise 
toxic compounds to their advantage—as cues for the identification of host plants 
and for development.

Similarly, members of family Solanaceae, e.g., potato and tomato, possess glyco-
sidic alkaloids (tomatine, solanine) that defend them from not only insect pests but 
bacteria and fungi as well. However, some of the species have evolved to overcome 
this defense, for example, Macrosiphum euphorbiae (Thomas) and Myzus persicae 
(Sulzer). The well-known insecticidal compound, nicotine, found in Nicotiana spp. 
provides protection against feeding aphids. However, continuous selection pressure 
exerted by these compounds leads to the development of resistance in aphid popu-
lations to these compounds. The presence of both sexual (that includes a genetic 
variability) and asexual modes of reproduction (that leads to faster multiplication) 
aid in faster resistance development [52].

The resistance gene present in resistant plant provides protection against 
avirulent strains of insects. To date, one R gene (Mi-1.2) has been characterized at 
molecular level. Plants that possess Mi-1.2 gene are resistant to potato aphid, two 
whitefly biotypes (silverleaf whitefly and biotype Q ), syllid, and three nematode 
species [53–55]. Due to the high selection pressure on insect population, there are 
chances of resistance breakdown in plants due to the development of counter resis-
tance to the Mi-1.2 [56]. The other genes associated with aphid resistance include 
virus aphid transmission (Vat) resistance gene in melon that confers antixenotic 
resistance to melon aphid, Aphis gossypii Glover, and to virus transmission associ-
ated with this species [57] and recombination-activating gene (Rag1) in soybean 
that provides resistance to soybean aphid, Aphis glycines Matsumura [58].

The defense-signaling mechanism in plants after aphid attack is similar to 
incompatible responses in plant-pathogen interactions. Aphid feeding triggers 
SA-dependent response similar to that triggered by biotrophic pathogens and/or PR 
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properties. In the case of infestation by aphids, a SA-dependent response appears 
to be activated, while the expression of JA-dependent genes is repressed [29–32]. 
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5. Aphid endosymbionts
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and amino acids with high C:N content. To cope with excess of sugars in their diet, 
aphids have evolved modification in their intestinal tract and filter out excess of 
sugars and water in the form of honeydew [33]. The most of amino acids are present 
at very low concentrations. Despite their nutritionally poor diet, aphids exhibit high 
growth and reproduction rates. Since aphids directly feed on the sugars and amino 
acids, they need not spend extra energy to digest complex nutrients such as proteins 
which remarkably increases their assimilation efficiency. In addition to this, the 
essential amino acids required by their growth and development are synthesized by 
symbiotic bacteria present in their body. Generally two types of symbiotic bacteria 
are known to be present in aphids: the primary (obligate) symbionts and second-
ary (facultative) symbionts. Buchnera aphidicola (γ3-proteobacteria: Escherichia 
coli is also a member of this group) is the most common vertically transmitted 
primary symbiont present in most aphid species [34]. Some species of aphids also 
bear other bacteria, i.e., “secondary symbionts.” These include several species of 
γ-proteobacteria such as Serratia symbiotica, Regiella insecticola, and Hamiltonella 
defensa [35–43]. B. aphidicola is a coccoid hosted in the cytoplasm of specialized 
cells called mycetocytes/bacteriocytes in the hemocoel of insect. These endosym-
bionts upgrade the aphid diet by converting nonessential amino acids to essential 
amino acids. The evolution of symbiotic relationship with endosymbionts has 
enabled aphids to exploit new ecological niches, i.e., to feed on the plant phloem sap 
which is otherwise the nutritionally poor diet.

6. Response of aphids to plant characters

The decision for suitability of the plant as a host is made in the very first phase 
of the host selection. Alate aphids use both visual [44] and chemical cues [45] to 
decide landing on a plant. Upon landing aphids encounter trichomes as the first line 
of defense. Trichomes can be either glandular or nonglandular. Regardless of their 
structure, trichome density has significant influence on aphid feeding [46]. Many 
crop wild relatives (CWRs) of cultivated plants and resistant varieties are resistant 
to aphid attack due to the presence of trichomes that affect aphid movement and 
stylet insertion [47]. For example, the presence of high density of trichomes (both 
simple and glandular) in wild tomato, Lycopersicon pennellii (Corr.) D’Arcy, imparts 
high level of resistance (R) to aphid attack. In addition, the glandular trichomes 
produce toxic exudates that trap aphids and kill them.

In addition to trichomes, plants possess other constitutive defenses such as 
thorns and thick cell walls that provide direct resistance to plants against aphid 
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feeding. Though these mechanical barriers are constitutive defenses, they can also 
be produced in response to aphid feeding (directly induced defenses).

In addition to these structural defenses, constitutive defenses can also be 
chemical. For example, glandular trichomes of Solanum berthaultii Hawkes produce 
(E)-farnesene—aphid alarm pheromone that triggers aphid dispersal and prevents 
colonization [48]. Such antixenotic defenses are of great significance and particularly 
effective against aphid species that act as vectors of plant pathogenic viruses. However, 
successful virus transmission can occur even on nonhost plants as stylet insertion is 
sufficient for some successful infection by quickly acquired viruses. Aphid salivation 
occurs on even resistant plants even if they do not feed on such resistant plants [23].

The depth of the sieve elements is an important factor determining successful 
feeding. The length of the aphid stylets must be compatible with the depth of sieve 
elements. In addition, thickness at the tip of stylets is also crucial for successful 
feeding [49]. The movement of stylets through plant tissue is mostly intercel-
lular, and aphids probe all the cells that they encounter during probing. Sensorial 
structures located at the back of the mouth characterize the plant sap, and aphids 
recognize the substrate as host or nonhost. On nonhost plants, aphids retract the 
stylets and leaves in search of suitable host unless the plant produces toxins [50]. 
Many plant species possess toxic compounds that can be either constitutive or 
induced that have detrimental effect on insects. The well-known examples include 
plants in the family Brassicaceae and Solanaceae.

Brassica plants possess a well-studied class of sulfur-containing secondary 
metabolites—glucosinolates—that defend them from insects. However, during 
the course of evolution, some (though only a few) insects have been specialized to 
feed even on these plants. The examples include the turnip aphid, Lipaphis erysimi 
(Kaltenbach); cabbage aphid, Brevicoryne brassicae (L.); and cabbage white butter-
flies, Pieris brassicae and P. rapae [51]. These insects have evolved to use otherwise 
toxic compounds to their advantage—as cues for the identification of host plants 
and for development.

Similarly, members of family Solanaceae, e.g., potato and tomato, possess glyco-
sidic alkaloids (tomatine, solanine) that defend them from not only insect pests but 
bacteria and fungi as well. However, some of the species have evolved to overcome 
this defense, for example, Macrosiphum euphorbiae (Thomas) and Myzus persicae 
(Sulzer). The well-known insecticidal compound, nicotine, found in Nicotiana spp. 
provides protection against feeding aphids. However, continuous selection pressure 
exerted by these compounds leads to the development of resistance in aphid popu-
lations to these compounds. The presence of both sexual (that includes a genetic 
variability) and asexual modes of reproduction (that leads to faster multiplication) 
aid in faster resistance development [52].

The resistance gene present in resistant plant provides protection against 
avirulent strains of insects. To date, one R gene (Mi-1.2) has been characterized at 
molecular level. Plants that possess Mi-1.2 gene are resistant to potato aphid, two 
whitefly biotypes (silverleaf whitefly and biotype Q ), syllid, and three nematode 
species [53–55]. Due to the high selection pressure on insect population, there are 
chances of resistance breakdown in plants due to the development of counter resis-
tance to the Mi-1.2 [56]. The other genes associated with aphid resistance include 
virus aphid transmission (Vat) resistance gene in melon that confers antixenotic 
resistance to melon aphid, Aphis gossypii Glover, and to virus transmission associ-
ated with this species [57] and recombination-activating gene (Rag1) in soybean 
that provides resistance to soybean aphid, Aphis glycines Matsumura [58].

The defense-signaling mechanism in plants after aphid attack is similar to 
incompatible responses in plant-pathogen interactions. Aphid feeding triggers 
SA-dependent response similar to that triggered by biotrophic pathogens and/or PR 
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gene RNAs in resistant than in susceptible plants [59–61], while there is downregu-
lation of jasmonic acid-dependent genes [62]. From the very first stylet insertion in 
epidermal tissues to sustained feeding on sieve elements, aphids continuously inject 
saliva in the plant tissue which continuously interacts with plant cells to determine 
compatible/incompatible aphid-plant interactions. However, such interactions 
have been partially understood. Aphid saliva plays an important role in countering 
plant defense response and modifying the incompatible interaction to compatible 
one by modifying the plant metabolism. Aphid feeding may lead to alterations in 
host plants, including morphological changes, alteration in resource allocation and 
production of local, and systemic symptoms [32].

7. Response of host plants to aphid infestation

Plants respond in a variety of ways to attack by aphid herbivores. Simple feeding 
by aphids leads to withdrawal of large quantities of plant sap leading to local chloro-
sis, weakening of the plant, and increase in susceptibility to other insects or patho-
gens. The well-known examples include infestation of Brassica plants by Lipaphis 
erysimi and Brevicoryne brassicae [63] and of beans by Aphis fabae [64]. On the 
contrary, large aphid populations can also develop on host plant without manifesta-
tion of symptoms such as infestation of tomato plants by Macrosiphum euphorbiae 
[65]. The visible symptoms after aphid attack can vary from localized chlorosis at 
the feeding site or along the stylet path due to damage to the chloroplast [64]; local-
ized tissue damage, e.g., Dysaphis plantaginea (Passerini) on apple fruits; curling 
of leaves, flower buds, and pods of mustard plants by L. erysimi [66]; leaf curling 
to cigar shape in peach by Myzus varians Davidson; growth distortions on citrus by 
Aphis spiraecola Patch; to systemic effects caused by feeding of Acyrthosiphon pisum 
(Harris) and Therioaphis trifolii (Monell on alfalfa) [52]. All the manifestations are 
in part due to the toxic effect of saliva on host plant. Further, saliva may also have 
effect on the hormonal balance of plants leading to changes in normal cell division 
(hypertrophy) that can result in gall formation on host plant. The actual mecha-
nism of gall formation is still not fully understood. Detailed studies on aphid saliva 
have found no evidence of any cecidogenic compound that can result in gall forma-
tion on host plant [67]. However, it has been postulated that galls contain higher 
concentration of nutrients than the uninfested plant part which may be of adaptive 
advantage to the insect that develops inside the gall. Koyama et al. [68] analyzed the 
concentration of amino acids in galled leaves of Sorbus commixta Hedl induced by 
Rhopalosiphum insertum (Walker) and found it to be five times higher than that in 
ungalled leaves without any difference in the composition. In addition to providing 
better nutrition, galls also provide conducive microclimate to the aphid species that 
develops within and protects it from its natural enemies as well as insecticides [69].

Unlike other herbivores that only cause direct feeding damage, aphids also 
cause indirect damage to plants. The honeydew drops deposited on the leaves act as 
magnifying lenses that may burn the leaf tissue beneath on sunny days. In addition, 
black sooty mold develops on the honeydew that interferes with normal photosyn-
thetic activity and blocks the stomata which interferes with gas exchange leading to 
leaf fall. Some of the aphid species also act as vectors of phytopathogenic viruses, 
and the association is of advantage to both the aphid vector and the phytopatho-
genic virus. Aphids serve as an important mean of dispersion, and some species of 
viruses (replicative) even use aphids as favorable host for replication. Once inside 
the aphid body, both replicative and circulative viruses make aphids infective for 
the rest of its life. When aphid density increases on a virus-infected plant due to it 
being more nutritious than healthy plant, they produce alate forms that disperse 

165

Aphid-Plant Interactions: Implications for Pest Management
DOI: http://dx.doi.org/10.5772/intechopen.84302

to new uninfected plants, which further aids in their dispersal [52]. In addition to 
being adaptive advantage to virus, this association is beneficial for aphids as well. 
The virus-infected plants become more nutritious to aphids than uninfected plants 
[52]. For example, the concentration of free amino acids is more in virus-infected 
plants. Virus infection also leads to downregulation of plant defenses, thus mak-
ing the plant more suitable host for aphids. Further, virus-infected plants assume 
yellowish coloration making them more attractive to aphids.

8.  Aphid-plant-natural enemy tritrophic interaction: the “cry or call 
for help”

In response to aphid feeding, plants release a number of volatile compounds 
which are perceived by aphid natural enemies. Since plants employ these natural 
enemies to defend themselves, the release of volatile compounds is analogous to “cry 
or call for help” by plants. This type of defense is referred to as indirect defense. A 
number of insects are associated with natural suppression of aphid population which 
includes predators such as ladybird beetles (e.g., Coccinella spp., Brumus sp., Adalia 
bipunctata L., Menochilus sp., etc.), green lacewing (Chrysoperla carnea Stephens), 
syrphids (Episyrphus balteatus De Geer), mirid bugs, and parasitoids (Aphidius spp., 
Diaeretiella rapae M’Intosh, Praon spp., etc.). However, these natural control agents 
are not efficient in suppressing aphid population, and there is a lack of synchrony in 
the peak activity of aphids and their natural enemies [63]. Aphid populations gener-
ally develop early in the season (mostly in spring) with delayed action of natural 
control agents. But once their action has started, there is sudden decline in aphid 
population as observed in oilseed Brassica [66] and organic crops [70].

The feeding by aphids triggers the release of volatile compounds from infested 
plants making them more attractive to parasitoids. For example, Acyrthosiphon 
pisum-infested broad bean plants are six times more attractive to Aphidius ervi 
Haliday than uninfested plants [71]. Similarly, Brassica rapa L. var. rapifera plants 
infested either by L. erysimi or M. persicae become more attractive to D. rapae. This 
increase in attractiveness has potential implications in aphid control, and research-
ers are working to find possible ways to elicit this attractiveness in uninfested 
plants. For example, exogenous application of (Z)-jasmone, a compound derived 
from jasmonic acid, results in increased attractiveness of uninfested broad bean 
plants to A. ervi similar to those infested by A. pisum [72].

9. Potential applications for aphid management

The current understanding of these interactions can help find ways to improve 
plant resistance to aphids. Since aphids cause serious damage to many agricultural 
crops, there is a need to find sustainable solution for the management as an effective 
alternative strategy to synthetic insecticides. There are accelerated global research 
efforts to search for source(s) of aphid resistance especially in crop wild relatives 
(CWRs) [4, 73–75]. There is a growing body of literature that suggests that almost 
all the variations necessary for crop improvement can be found in their CWRs that 
were lost over the course of domestication [76–80]. The use of CWRs is continuously 
increasing over the years for a range of beneficial traits including pest and disease 
resistance [81–83]. In a comprehensive survey by Hajjar and Hodgkin [83] about the 
use of CWRs in crop improvement for the period 1986–2005, over 80% of the ben-
eficial traits involved pest and disease resistance. The present knowledge of genomics 
and availability of tools of biotechnology have erased the boundaries of crossing the 
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gene RNAs in resistant than in susceptible plants [59–61], while there is downregu-
lation of jasmonic acid-dependent genes [62]. From the very first stylet insertion in 
epidermal tissues to sustained feeding on sieve elements, aphids continuously inject 
saliva in the plant tissue which continuously interacts with plant cells to determine 
compatible/incompatible aphid-plant interactions. However, such interactions 
have been partially understood. Aphid saliva plays an important role in countering 
plant defense response and modifying the incompatible interaction to compatible 
one by modifying the plant metabolism. Aphid feeding may lead to alterations in 
host plants, including morphological changes, alteration in resource allocation and 
production of local, and systemic symptoms [32].

7. Response of host plants to aphid infestation

Plants respond in a variety of ways to attack by aphid herbivores. Simple feeding 
by aphids leads to withdrawal of large quantities of plant sap leading to local chloro-
sis, weakening of the plant, and increase in susceptibility to other insects or patho-
gens. The well-known examples include infestation of Brassica plants by Lipaphis 
erysimi and Brevicoryne brassicae [63] and of beans by Aphis fabae [64]. On the 
contrary, large aphid populations can also develop on host plant without manifesta-
tion of symptoms such as infestation of tomato plants by Macrosiphum euphorbiae 
[65]. The visible symptoms after aphid attack can vary from localized chlorosis at 
the feeding site or along the stylet path due to damage to the chloroplast [64]; local-
ized tissue damage, e.g., Dysaphis plantaginea (Passerini) on apple fruits; curling 
of leaves, flower buds, and pods of mustard plants by L. erysimi [66]; leaf curling 
to cigar shape in peach by Myzus varians Davidson; growth distortions on citrus by 
Aphis spiraecola Patch; to systemic effects caused by feeding of Acyrthosiphon pisum 
(Harris) and Therioaphis trifolii (Monell on alfalfa) [52]. All the manifestations are 
in part due to the toxic effect of saliva on host plant. Further, saliva may also have 
effect on the hormonal balance of plants leading to changes in normal cell division 
(hypertrophy) that can result in gall formation on host plant. The actual mecha-
nism of gall formation is still not fully understood. Detailed studies on aphid saliva 
have found no evidence of any cecidogenic compound that can result in gall forma-
tion on host plant [67]. However, it has been postulated that galls contain higher 
concentration of nutrients than the uninfested plant part which may be of adaptive 
advantage to the insect that develops inside the gall. Koyama et al. [68] analyzed the 
concentration of amino acids in galled leaves of Sorbus commixta Hedl induced by 
Rhopalosiphum insertum (Walker) and found it to be five times higher than that in 
ungalled leaves without any difference in the composition. In addition to providing 
better nutrition, galls also provide conducive microclimate to the aphid species that 
develops within and protects it from its natural enemies as well as insecticides [69].

Unlike other herbivores that only cause direct feeding damage, aphids also 
cause indirect damage to plants. The honeydew drops deposited on the leaves act as 
magnifying lenses that may burn the leaf tissue beneath on sunny days. In addition, 
black sooty mold develops on the honeydew that interferes with normal photosyn-
thetic activity and blocks the stomata which interferes with gas exchange leading to 
leaf fall. Some of the aphid species also act as vectors of phytopathogenic viruses, 
and the association is of advantage to both the aphid vector and the phytopatho-
genic virus. Aphids serve as an important mean of dispersion, and some species of 
viruses (replicative) even use aphids as favorable host for replication. Once inside 
the aphid body, both replicative and circulative viruses make aphids infective for 
the rest of its life. When aphid density increases on a virus-infected plant due to it 
being more nutritious than healthy plant, they produce alate forms that disperse 
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to new uninfected plants, which further aids in their dispersal [52]. In addition to 
being adaptive advantage to virus, this association is beneficial for aphids as well. 
The virus-infected plants become more nutritious to aphids than uninfected plants 
[52]. For example, the concentration of free amino acids is more in virus-infected 
plants. Virus infection also leads to downregulation of plant defenses, thus mak-
ing the plant more suitable host for aphids. Further, virus-infected plants assume 
yellowish coloration making them more attractive to aphids.

8.  Aphid-plant-natural enemy tritrophic interaction: the “cry or call 
for help”

In response to aphid feeding, plants release a number of volatile compounds 
which are perceived by aphid natural enemies. Since plants employ these natural 
enemies to defend themselves, the release of volatile compounds is analogous to “cry 
or call for help” by plants. This type of defense is referred to as indirect defense. A 
number of insects are associated with natural suppression of aphid population which 
includes predators such as ladybird beetles (e.g., Coccinella spp., Brumus sp., Adalia 
bipunctata L., Menochilus sp., etc.), green lacewing (Chrysoperla carnea Stephens), 
syrphids (Episyrphus balteatus De Geer), mirid bugs, and parasitoids (Aphidius spp., 
Diaeretiella rapae M’Intosh, Praon spp., etc.). However, these natural control agents 
are not efficient in suppressing aphid population, and there is a lack of synchrony in 
the peak activity of aphids and their natural enemies [63]. Aphid populations gener-
ally develop early in the season (mostly in spring) with delayed action of natural 
control agents. But once their action has started, there is sudden decline in aphid 
population as observed in oilseed Brassica [66] and organic crops [70].

The feeding by aphids triggers the release of volatile compounds from infested 
plants making them more attractive to parasitoids. For example, Acyrthosiphon 
pisum-infested broad bean plants are six times more attractive to Aphidius ervi 
Haliday than uninfested plants [71]. Similarly, Brassica rapa L. var. rapifera plants 
infested either by L. erysimi or M. persicae become more attractive to D. rapae. This 
increase in attractiveness has potential implications in aphid control, and research-
ers are working to find possible ways to elicit this attractiveness in uninfested 
plants. For example, exogenous application of (Z)-jasmone, a compound derived 
from jasmonic acid, results in increased attractiveness of uninfested broad bean 
plants to A. ervi similar to those infested by A. pisum [72].

9. Potential applications for aphid management

The current understanding of these interactions can help find ways to improve 
plant resistance to aphids. Since aphids cause serious damage to many agricultural 
crops, there is a need to find sustainable solution for the management as an effective 
alternative strategy to synthetic insecticides. There are accelerated global research 
efforts to search for source(s) of aphid resistance especially in crop wild relatives 
(CWRs) [4, 73–75]. There is a growing body of literature that suggests that almost 
all the variations necessary for crop improvement can be found in their CWRs that 
were lost over the course of domestication [76–80]. The use of CWRs is continuously 
increasing over the years for a range of beneficial traits including pest and disease 
resistance [81–83]. In a comprehensive survey by Hajjar and Hodgkin [83] about the 
use of CWRs in crop improvement for the period 1986–2005, over 80% of the ben-
eficial traits involved pest and disease resistance. The present knowledge of genomics 
and availability of tools of biotechnology have erased the boundaries of crossing the 
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species from different gene pools, and there has been a significant increase in the num-
ber of wild species in gene banks. Despite this, the use of CWRs in their contributions 
in providing useful genes for improvement of crop plants has been less than expected. 
In addition to this, the external application of analogues of jasmonic acid and salicylic 
acid can also be used to further enhance the level of resistance in crop plants [84].

In recent years, there has been an increase in the knowledge on resistance genes, 
but only a few R genes that confer resistance against hemipteran insects have been 
identified. Some of them include Vat that confers resistance to Aphis gossypii in melon 
[85], Bph 14 and Bph 26 genes in rice that confer resistance to Nilaparvata lugens, and 
Mi-12. gene in tomato that confers resistance to Macrosiphum euphorbiae [32]. The Vat 
gene in melon enhances SE wound healing and thus confers resistance to A. gossypii 
[86]. The cloning of Mi-1.2 gene has been a milestone in plant resistance to aphids 
[54, 55, 86–88], and it has distinct resistance mechanisms against different pests. 
Against root-knot nematode, M. incognita, plants exhibit hypersensitive response, 
and this response is not manifested upon aphid infestation. The resistance to aphids 
is antibiotic and phloem based, while it is antixenotic to psyllids. On the other hand, 
Mi-1.2-mediated resistance to whiteflies deters insect settling. However, if the insect 
establishes a feeding site, it can develop even on the Mi-1.2 plants. The resistant plants 
exhibit distinct mechanism of resistance against members of four different animal 
taxa; however, the biochemical basis of such resistance is not yet known.

The attractiveness of the crop plants to aphids and subsequently to their parasit-
oids can also be augmented to increase effectiveness of parasitoids/natural enemies 
provided aphids do not act as vector of the phytopathogenic virus. This strategy 
is especially important as it does not exert any ecological pressure on the aphids. 
Germplasm screening can be targeted for genotypes that are good at defending 
themselves from aphid attack and simultaneously attractive to aphid natural ene-
mies. For example, Eruca sativa genotypes are particularly attractive to coccinellid 
beetles in Brassica systems compared to B. juncea, B. napus, B. carinata, or B. rapa.

Another area of potential application in aphid control is the development of 
transgenic plants expressing resistance against aphids. Modern breeding techniques 
can be of great help in transferring target trait to the cultivated plant compared 
to traditional breeding methods. The commercial insect-resistant GM crops that 
express Bt toxins are particularly effective against Lepidoptera and Coleoptera [89] 
with no efficacy against phloem feeders including aphids [90]. This accelerated 
the work on finding alternate strategies such as protease inhibitors, RNAi, anti-
microbial peptides (AMPs), etc. Protease inhibitors which may be small peptides 
or protein molecules inhibit the activity of proteases, thus disrupting the normal 
protein digestion and consequent amino acid assimilation vital for insect growth. 
These are already present in plant storage organs and are induced upon insect feed-
ing. Significantly high activity of PI was reported in barley infested with Schizaphis 
graminum with minor effect on its survival, while survival of Rhopalosiphum padi 
was significantly affected [91]. Oryzacystatin-I in transgenic rapeseed [92] and 
egg plants [93] and cysteine in Arabidopsis thaliana [94] from barley are known to 
provide protection against aphid infestation with their effect on aphid survival, 
growth, and reproduction. Thus, the use of PIs in aphid management has a good 
promise as an alternate control strategy [92–94].

Another potential area in aphid management is the exploitation of RNAi tech-
nology, which is posttranslational RNA-mediated gene silencing. Plants can be 
genetically engineered to produce dsRNA to provide protection against a target pest. 
Transgenic maize plants that produce dsRNA significantly reduced feeding damage 
by Western corn rootworm, Diabrotica virgifera larvae [95]. In the case of aphids, 
different workers have achieved RNAi-mediated gene silencing either by injecting 
the siRNA (short-interfering RNA) [96, 97] or dsRNA into insect hemolymph or 
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feeding the insect with dsRNA [98, 99]. A temporary mRNA inhibition of about 
30–40% in aphids was observed by single dose of dsRNA [96]. Similarly, 50% 
reduction in salivary gland protein expression was observed by Mutti et al. [97].

All the organisms synthesize small 12–50 amino acid long peptides which have 
antibiotic activity and are termed antimicrobial peptides. They are generally synthe-
sized ribosomally but are also produced enzymatically in fungi and bacteria. They 
are known to possess antibiotic activity against both gram-positive and gram-nega-
tive bacteria and provide immunity against microbial infection. Many insect species 
are known to produce AMPs [100, 101]. On the contrary aphids do not produce 
AMPs [95] as they have mutual relationship with endosymbiotic bacteria such as 
Buchnera aphidicola, Hamiltonella, Serratia, Rickettsia, and Regiella spp. [102] which 
play an important role of converting nonessential amino acids in phloem sap to 
essential ones [103]. Thus, aphid bacterial endosymbionts can be a useful target for 
AMPs. Any adverse effect on aphid endosymbionts can adversely affect aphid fecun-
dity and can prolong development period [104, 105]. So far, there is only one report 
on the effect of AMP (indolicidin) on aphids, ingestion of which reduces the number 
of bacteriocytes and number of bacteria in M. persicae, which have significant nega-
tive effect on aphid survival, development, and fecundity [106]. This suggests that 
AMPs expressed in GM plants offer a promising approach for aphid control.

Production of volatile compounds by plants is another area that can be explored. 
Aphids respond to plant volatiles and use them for long-range orientation as 
recorded in Aphis fabae, A. pisum, Brevicoryne brassicae, and M. persicae [107–110]. 
Many plants synthesize E-ß-farnesene (Eßf), a well-known alarm pheromone of 
aphids, as aphid repellent such as wild potato species [48]. Choice experiments 
by these authors indicated that aphids remain at a distance of 1–3 mm from leaf 
surface. Apart from general avoidance, aphids also responded to Eßf by produc-
ing higher proportion of alate (migratory) individuals on treated plants under 
controlled conditions [111] as well in the field [112]. Thus, plants are exposed to 
reduced number of apterous (feeding) forms and high proportion of alates (migra-
tory forms) that have greater tendency to leave the plant [111]. Besides a repellent 
effect on aphids, Eßf is also known to attract natural enemies of aphids such as 
ladybirds Coccinella septempunctata and Harmonia axyridis, parasitoids Aphidius 
uzbekistanicus and A. ervi, and syrphid fly Episyrphus balteatus [113–117]. Thus, 
production of transgenic plants expressing Eßf can have dual effect on aphids and 
can increase the benefits of Eßf production.

10. Conclusion

The aphid-plant coevolution is a continuous arms race that helps to improve 
defense strategies employed by plants to ward off aphids and counter defense 
mechanisms employed by aphid herbivores. For a compatible aphid-plant inter-
action, aphids not only need to alter local and systemic events but also need to 
modify resource allocation to suit phloem sap to their requirements. Generally, the 
JA-mediated defenses are employed by plants to control aphids. But aphids through 
the use of specific effectors are able to modify the JA-mediated defense response of 
plant and are able to establish successful feeding. Plants, on the other hand, have 
evolved to use aphid salivary components as elicitors of defense response. The 
phloem sealing mechanism is one such response observed in resistant plants. In 
addition, plants have also evolved a plethora of plant secondary metabolites (PSMs) 
that have defensive functions. But some specialist aphids have learned to use these 
compounds to their own advantage and use them as cues for feeding and coloniza-
tion and even sequester them for their advantage.
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species from different gene pools, and there has been a significant increase in the num-
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identified. Some of them include Vat that confers resistance to Aphis gossypii in melon 
[85], Bph 14 and Bph 26 genes in rice that confer resistance to Nilaparvata lugens, and 
Mi-12. gene in tomato that confers resistance to Macrosiphum euphorbiae [32]. The Vat 
gene in melon enhances SE wound healing and thus confers resistance to A. gossypii 
[86]. The cloning of Mi-1.2 gene has been a milestone in plant resistance to aphids 
[54, 55, 86–88], and it has distinct resistance mechanisms against different pests. 
Against root-knot nematode, M. incognita, plants exhibit hypersensitive response, 
and this response is not manifested upon aphid infestation. The resistance to aphids 
is antibiotic and phloem based, while it is antixenotic to psyllids. On the other hand, 
Mi-1.2-mediated resistance to whiteflies deters insect settling. However, if the insect 
establishes a feeding site, it can develop even on the Mi-1.2 plants. The resistant plants 
exhibit distinct mechanism of resistance against members of four different animal 
taxa; however, the biochemical basis of such resistance is not yet known.

The attractiveness of the crop plants to aphids and subsequently to their parasit-
oids can also be augmented to increase effectiveness of parasitoids/natural enemies 
provided aphids do not act as vector of the phytopathogenic virus. This strategy 
is especially important as it does not exert any ecological pressure on the aphids. 
Germplasm screening can be targeted for genotypes that are good at defending 
themselves from aphid attack and simultaneously attractive to aphid natural ene-
mies. For example, Eruca sativa genotypes are particularly attractive to coccinellid 
beetles in Brassica systems compared to B. juncea, B. napus, B. carinata, or B. rapa.

Another area of potential application in aphid control is the development of 
transgenic plants expressing resistance against aphids. Modern breeding techniques 
can be of great help in transferring target trait to the cultivated plant compared 
to traditional breeding methods. The commercial insect-resistant GM crops that 
express Bt toxins are particularly effective against Lepidoptera and Coleoptera [89] 
with no efficacy against phloem feeders including aphids [90]. This accelerated 
the work on finding alternate strategies such as protease inhibitors, RNAi, anti-
microbial peptides (AMPs), etc. Protease inhibitors which may be small peptides 
or protein molecules inhibit the activity of proteases, thus disrupting the normal 
protein digestion and consequent amino acid assimilation vital for insect growth. 
These are already present in plant storage organs and are induced upon insect feed-
ing. Significantly high activity of PI was reported in barley infested with Schizaphis 
graminum with minor effect on its survival, while survival of Rhopalosiphum padi 
was significantly affected [91]. Oryzacystatin-I in transgenic rapeseed [92] and 
egg plants [93] and cysteine in Arabidopsis thaliana [94] from barley are known to 
provide protection against aphid infestation with their effect on aphid survival, 
growth, and reproduction. Thus, the use of PIs in aphid management has a good 
promise as an alternate control strategy [92–94].

Another potential area in aphid management is the exploitation of RNAi tech-
nology, which is posttranslational RNA-mediated gene silencing. Plants can be 
genetically engineered to produce dsRNA to provide protection against a target pest. 
Transgenic maize plants that produce dsRNA significantly reduced feeding damage 
by Western corn rootworm, Diabrotica virgifera larvae [95]. In the case of aphids, 
different workers have achieved RNAi-mediated gene silencing either by injecting 
the siRNA (short-interfering RNA) [96, 97] or dsRNA into insect hemolymph or 
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feeding the insect with dsRNA [98, 99]. A temporary mRNA inhibition of about 
30–40% in aphids was observed by single dose of dsRNA [96]. Similarly, 50% 
reduction in salivary gland protein expression was observed by Mutti et al. [97].

All the organisms synthesize small 12–50 amino acid long peptides which have 
antibiotic activity and are termed antimicrobial peptides. They are generally synthe-
sized ribosomally but are also produced enzymatically in fungi and bacteria. They 
are known to possess antibiotic activity against both gram-positive and gram-nega-
tive bacteria and provide immunity against microbial infection. Many insect species 
are known to produce AMPs [100, 101]. On the contrary aphids do not produce 
AMPs [95] as they have mutual relationship with endosymbiotic bacteria such as 
Buchnera aphidicola, Hamiltonella, Serratia, Rickettsia, and Regiella spp. [102] which 
play an important role of converting nonessential amino acids in phloem sap to 
essential ones [103]. Thus, aphid bacterial endosymbionts can be a useful target for 
AMPs. Any adverse effect on aphid endosymbionts can adversely affect aphid fecun-
dity and can prolong development period [104, 105]. So far, there is only one report 
on the effect of AMP (indolicidin) on aphids, ingestion of which reduces the number 
of bacteriocytes and number of bacteria in M. persicae, which have significant nega-
tive effect on aphid survival, development, and fecundity [106]. This suggests that 
AMPs expressed in GM plants offer a promising approach for aphid control.

Production of volatile compounds by plants is another area that can be explored. 
Aphids respond to plant volatiles and use them for long-range orientation as 
recorded in Aphis fabae, A. pisum, Brevicoryne brassicae, and M. persicae [107–110]. 
Many plants synthesize E-ß-farnesene (Eßf), a well-known alarm pheromone of 
aphids, as aphid repellent such as wild potato species [48]. Choice experiments 
by these authors indicated that aphids remain at a distance of 1–3 mm from leaf 
surface. Apart from general avoidance, aphids also responded to Eßf by produc-
ing higher proportion of alate (migratory) individuals on treated plants under 
controlled conditions [111] as well in the field [112]. Thus, plants are exposed to 
reduced number of apterous (feeding) forms and high proportion of alates (migra-
tory forms) that have greater tendency to leave the plant [111]. Besides a repellent 
effect on aphids, Eßf is also known to attract natural enemies of aphids such as 
ladybirds Coccinella septempunctata and Harmonia axyridis, parasitoids Aphidius 
uzbekistanicus and A. ervi, and syrphid fly Episyrphus balteatus [113–117]. Thus, 
production of transgenic plants expressing Eßf can have dual effect on aphids and 
can increase the benefits of Eßf production.

10. Conclusion

The aphid-plant coevolution is a continuous arms race that helps to improve 
defense strategies employed by plants to ward off aphids and counter defense 
mechanisms employed by aphid herbivores. For a compatible aphid-plant inter-
action, aphids not only need to alter local and systemic events but also need to 
modify resource allocation to suit phloem sap to their requirements. Generally, the 
JA-mediated defenses are employed by plants to control aphids. But aphids through 
the use of specific effectors are able to modify the JA-mediated defense response of 
plant and are able to establish successful feeding. Plants, on the other hand, have 
evolved to use aphid salivary components as elicitors of defense response. The 
phloem sealing mechanism is one such response observed in resistant plants. In 
addition, plants have also evolved a plethora of plant secondary metabolites (PSMs) 
that have defensive functions. But some specialist aphids have learned to use these 
compounds to their own advantage and use them as cues for feeding and coloniza-
tion and even sequester them for their advantage.
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The current knowledge on aphid-plant interactions is still in its infancy. But 
the recent studies have provided insights into such interactions which will have 
far-reaching implications at different levels including development of novel aphid 
management strategies.
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Chapter 8

Terroir Zoning: Influence on 
Grapevine Response (Vitis 
vinifera L.) at Within-vineyard 
and Between-Vineyard Scale
Álvaro Martínez and Vicente D. Gómez-Miguel

Abstract

Since ancient times, wines from specific regions have been valued and studies 
related to terroir focus on the elements of the environment that affect wine produc-
tion. This paper presents the terroir variations between vineyards and within the 
same vineyard, as well as its influence on grape production. A soil zoning is carried 
out, starting from an aerial photointerpretation (FIA) and studying each soil sector 
based on its depth analysis (pits). This zoning of the environmental homogeneous 
units (EHU) is redefined with the normalized difference vegetation index (NDVI), 
resulting in the proposed terroir zoning. The temporal stability of the terroir zoning 
has been tested through the representation of the NDVI during 3 years and the 
response of the vineyard (yield, vegetative growth, and grape composition) during 
4 years. The relationship between the EHUs, soil epipedon particularly, and the 
response of the vineyard is analyzed from an agglomerative hierarchical cluster-
ing (AHC) prior to a principal component analysis (PCA). There is an EHU that 
is shown to be more vigorous, associated with a material deposition area whose 
main series of soil is fine-loamy, mixed, mesic, Typic Xerofluvent. This microterroir 
produces grapes with low sugar content, high acidity, and low levels of polyphenolic 
compounds, including anthocyanins.

Keywords: terroir variability map, precision viticulture, remote sensing, soil science, 
vine yield, grape composition

1. Introduction

From the Sumerians to our days, including Egyptians, Phoenicians, Greeks, 
Romans, the Middle Ages, etc., quality wine has been linked to certain regions. This 
interest in the geographical origin of the wines justifies the terroir concept and that 
its use remains in the general feeling of both popular and market and scientific. The 
International Organization of Vine and Wine (OIV) in its Resolution VITI 333/2010 
[1] collects this idea and defines the terroir as follows: “Vitivinicultural terroir is a 
concept which refers to an area in which collective knowledge of the interactions 
between the identifiable physical and biological environment and applied vitivini-
cultural practices develops providing distinctive characteristics for the products 
originating from this area.”
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Romans, the Middle Ages, etc., quality wine has been linked to certain regions. This 
interest in the geographical origin of the wines justifies the terroir concept and that 
its use remains in the general feeling of both popular and market and scientific. The 
International Organization of Vine and Wine (OIV) in its Resolution VITI 333/2010 
[1] collects this idea and defines the terroir as follows: “Vitivinicultural terroir is a 
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between the identifiable physical and biological environment and applied vitivini-
cultural practices develops providing distinctive characteristics for the products 
originating from this area.”
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The concept of terroir began to be used in the fourteenth century for some 
production properties of high-quality wines in Côte d’Or, Burgundy [2], being 
difficult to define the ideal factors that make up the terroir due to the interaction 
that exists between them [3]. This complexity of individual natural factor analysis, 
soil particularly, is gradually overcome with new tools for detection, management, 
and data analysis. In any case, although the physical and chemical interactions that 
affect the vineyard are not known with total accuracy, the dissemination of the 
terroir concept is fostering a better knowledge and use of geology, soil, climate, and 
wine culture for best wine production [2].

The first scientific studies related to the viticultural environment elements 
and their interactions are carried out in the last quarter of the twentieth century, 
being able to consider the doctoral thesis of Professor Morlat [4], one of the 
pioneering studies on the terroir zoning in the modern meaning of the term. 
The aforementioned work takes place in the middle area of the Loire Valley, and 
European countries have traditionally given more importance to the environ-
ment elements in the wine characterization, thus protecting the origin of the 
wines. Two examples of this tradition are the current classification of Bordeaux 
wines, which have been practically unchanged since its creation in 1855, and the 
classification of port wines that were delimited in 1758 (now that zoning has 
been expanded) and carried out by “Companhia Geral da Agricultura das Vinhas 
do Alto Douro” (a company similar to the current Regulatory Councils) at the 
proposal of the Marquis of Pombal.

The globalization of international wine trade has led to increased production, 
especially in new countries, of varietal and brand wines, and the adoption of low-
input techniques, exerting significant pressure on traditional terroir wine producers 
[5]. Even so, there are many recent scientific publications on the concept of terroir, 
interrelating elements of the environment such as temperature [6], water status [7], 
light [8], geology [9], soil [10], etc. with the response of the vine.

To study the influence of climate in the vineyard, it is traditional to differentiate 
between macroclimate, mesoclimate, and microclimate depending on the scale of 
work. The first refers to the climate of a region and is the main limiting factor for 
the cultivation of the vine [11], while the mesoclimate is characteristic of a specific 
topographic and landscape location and affects a set of plants equally in a given 
geomorphological unit. Finally, the microclimate refers to the vine, surrounds to 
leaves and clusters and has a great influence in the biological cycle (e.g., it is of great 
importance in the grape ripening stage), being able to modify through the vineyard 
management.

Geology and geomorphology allow a synthetic approach adapted to small-scale 
zonings (≤ 1:50,000), explaining the behavior of the vine only indirectly [12]. 
The geological or geomorphological maps are useful as a first approximation to 
the terroir zoning, since very different soils can be included in the same map unit, 
so it is necessary to determine the types of soil [13]. For this reason, many of the 
approaches to viticultural zoning borrow their approach from pedological cartogra-
phy, with some variants [14].

The soil study methodology is specified in the genesis of the soil taxonomic units 
(STU) and the soil map (or cartographic) units (SMU) during the process of their 
recognition. The processing of the information generated in the different layers of 
information by a geographic information system (GIS) results in the quantification 
of the contents and the possibility of their statistical treatment [15]. This methodol-
ogy has been and continues to be used as part of the terroir zoning of both small-
scale viticultural regions (macrozoning), for example, 1:50,000 or 1:25,000, and in 
vineyards or sets of smaller vineyards at larger scales (microzonifications) between 
1:5000 and 1:10,000.
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Depending on the scale used in the zoning of the environment elements, 
mainly climate and soil, we will talk about macro (below 1:25,000), meso (between 
1:25.000 and 1:10,000), or micro terroir zoning (above 1: 5000). Once the meso 
or micro terroir zoning has been carried out, the management of the vineyard is 
susceptible of being executed according to the environment homogeneous unit 
(EHU) defined by it.

The cartographic delimitation of vineyard sectors or EHUs and its individual-
ized management is the basis of precision viticulture (PV), a vineyard management 
technique that relies mainly on remote sensing [16], to monitor and manage the 
spatial variability of the vineyard [17–19]. The images obtained by remote sensing 
are the basis for the creation of maps [20–23], such as the cartographic representa-
tion of the normalized difference vegetation index (NDVI) [20]; providing impor-
tant information, they are very affordable, they facilitate the precision of the limits 
of the conventional zoning, and they are obtained more quickly than those made 
from the traditional zoning method [24]. These images are characterized by their 
temporal, spatial, and spectral resolutions and have been used in meso- and micro-
zonifications since the end of the twentieth century [25–27].

In the present work, a methodology of NDVI integration in terroir zoning is 
proposed, redefining the cartographic limits of traditional microzoning. Once these 
sectors, EHU, or micro terroirs are defined, the behavior of the vineyard (yield, 
vigor, and grape composition) is related to the main factors that characterize them.

2. Material and methods

The experimental work is carried out for 4 consecutive years (2012, 2013, 2014, 
and 2015) in four vineyards (A, B, C, and D) located at an average distance of 2 km 
from each other, in the municipality of Oyón (Álava). The vineyards are protected 
by the DOCa Rioja, appellation of origin associated with the Ebro River, and located 
in the northern third of the Iberian Peninsula.

Regarding the climate of the area where the vineyards are framed, the rainfall 
and average annual temperature are 459 L m−2 and 13.7°C and during the vegetative 
period (April–October) are 260 L m−2 and 18.1°C, respectively. According to the 
Multicriteria System of Climatic Classification (MSCC) [28], the climate is warm 
temperate (HI + 1), of cool nights (CI + 1) and moderately dry (DI + 1). Although 
the dominant wind is from the west, another typical northwest wind (known as 
cierzo) has influence during the grape ripening.

The greater part of the vineyards of the area is grown on sandstone and lutites of 
Haro’s facies (Middle-Upper Miocene) [29]. Some of the soils found on this geology 
and their associated quaternary system are [30] alfisols (e.g., Calcic Haploxeralf 
subgroup), entisols (e.g., Typic Xerofluvent subgroup), or inceptisols (e.g., Typic 
Xerocrept subgroup). For more details of the study area, see [9]. The grape cultivar 
is Tempranillo, grafted on 41B, and the vines are trained using a single trellis system 
(bilateral cordon Royat pruning), with 2976 vines/ha, and soil management is by 
tillage.

A zoning is carried out under viticultural criteria (variety and vine age) in 
the four vineyards, and in the resulting subplots, a FIA was drawn from digital 
orthophotographs of 0.25 meters of spectral resolution [31], discriminating sectors 
(A1, A2, A3 for vineyard A and analogously for the rest of the vineyards) on a scale 
of 1:2500, that is, on a vineyard scale. In each sector, 12 vines are marked, divided 
into 2 repetitions of 6 plants. Measurements of vegetative growth and yield are 
carried out, as well as physical-chemical analysis of the grape on each repetition. 
For the pedological study, a pit is made next to each of the repetitions of six vines, 
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The concept of terroir began to be used in the fourteenth century for some 
production properties of high-quality wines in Côte d’Or, Burgundy [2], being 
difficult to define the ideal factors that make up the terroir due to the interaction 
that exists between them [3]. This complexity of individual natural factor analysis, 
soil particularly, is gradually overcome with new tools for detection, management, 
and data analysis. In any case, although the physical and chemical interactions that 
affect the vineyard are not known with total accuracy, the dissemination of the 
terroir concept is fostering a better knowledge and use of geology, soil, climate, and 
wine culture for best wine production [2].

The first scientific studies related to the viticultural environment elements 
and their interactions are carried out in the last quarter of the twentieth century, 
being able to consider the doctoral thesis of Professor Morlat [4], one of the 
pioneering studies on the terroir zoning in the modern meaning of the term. 
The aforementioned work takes place in the middle area of the Loire Valley, and 
European countries have traditionally given more importance to the environ-
ment elements in the wine characterization, thus protecting the origin of the 
wines. Two examples of this tradition are the current classification of Bordeaux 
wines, which have been practically unchanged since its creation in 1855, and the 
classification of port wines that were delimited in 1758 (now that zoning has 
been expanded) and carried out by “Companhia Geral da Agricultura das Vinhas 
do Alto Douro” (a company similar to the current Regulatory Councils) at the 
proposal of the Marquis of Pombal.

The globalization of international wine trade has led to increased production, 
especially in new countries, of varietal and brand wines, and the adoption of low-
input techniques, exerting significant pressure on traditional terroir wine producers 
[5]. Even so, there are many recent scientific publications on the concept of terroir, 
interrelating elements of the environment such as temperature [6], water status [7], 
light [8], geology [9], soil [10], etc. with the response of the vine.

To study the influence of climate in the vineyard, it is traditional to differentiate 
between macroclimate, mesoclimate, and microclimate depending on the scale of 
work. The first refers to the climate of a region and is the main limiting factor for 
the cultivation of the vine [11], while the mesoclimate is characteristic of a specific 
topographic and landscape location and affects a set of plants equally in a given 
geomorphological unit. Finally, the microclimate refers to the vine, surrounds to 
leaves and clusters and has a great influence in the biological cycle (e.g., it is of great 
importance in the grape ripening stage), being able to modify through the vineyard 
management.

Geology and geomorphology allow a synthetic approach adapted to small-scale 
zonings (≤ 1:50,000), explaining the behavior of the vine only indirectly [12]. 
The geological or geomorphological maps are useful as a first approximation to 
the terroir zoning, since very different soils can be included in the same map unit, 
so it is necessary to determine the types of soil [13]. For this reason, many of the 
approaches to viticultural zoning borrow their approach from pedological cartogra-
phy, with some variants [14].

The soil study methodology is specified in the genesis of the soil taxonomic units 
(STU) and the soil map (or cartographic) units (SMU) during the process of their 
recognition. The processing of the information generated in the different layers of 
information by a geographic information system (GIS) results in the quantification 
of the contents and the possibility of their statistical treatment [15]. This methodol-
ogy has been and continues to be used as part of the terroir zoning of both small-
scale viticultural regions (macrozoning), for example, 1:50,000 or 1:25,000, and in 
vineyards or sets of smaller vineyards at larger scales (microzonifications) between 
1:5000 and 1:10,000.
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Depending on the scale used in the zoning of the environment elements, 
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of the conventional zoning, and they are obtained more quickly than those made 
from the traditional zoning method [24]. These images are characterized by their 
temporal, spatial, and spectral resolutions and have been used in meso- and micro-
zonifications since the end of the twentieth century [25–27].
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proposed, redefining the cartographic limits of traditional microzoning. Once these 
sectors, EHU, or micro terroirs are defined, the behavior of the vineyard (yield, 
vigor, and grape composition) is related to the main factors that characterize them.
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from each other, in the municipality of Oyón (Álava). The vineyards are protected 
by the DOCa Rioja, appellation of origin associated with the Ebro River, and located 
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Regarding the climate of the area where the vineyards are framed, the rainfall 
and average annual temperature are 459 L m−2 and 13.7°C and during the vegetative 
period (April–October) are 260 L m−2 and 18.1°C, respectively. According to the 
Multicriteria System of Climatic Classification (MSCC) [28], the climate is warm 
temperate (HI + 1), of cool nights (CI + 1) and moderately dry (DI + 1). Although 
the dominant wind is from the west, another typical northwest wind (known as 
cierzo) has influence during the grape ripening.

The greater part of the vineyards of the area is grown on sandstone and lutites of 
Haro’s facies (Middle-Upper Miocene) [29]. Some of the soils found on this geology 
and their associated quaternary system are [30] alfisols (e.g., Calcic Haploxeralf 
subgroup), entisols (e.g., Typic Xerofluvent subgroup), or inceptisols (e.g., Typic 
Xerocrept subgroup). For more details of the study area, see [9]. The grape cultivar 
is Tempranillo, grafted on 41B, and the vines are trained using a single trellis system 
(bilateral cordon Royat pruning), with 2976 vines/ha, and soil management is by 
tillage.

A zoning is carried out under viticultural criteria (variety and vine age) in 
the four vineyards, and in the resulting subplots, a FIA was drawn from digital 
orthophotographs of 0.25 meters of spectral resolution [31], discriminating sectors 
(A1, A2, A3 for vineyard A and analogously for the rest of the vineyards) on a scale 
of 1:2500, that is, on a vineyard scale. In each sector, 12 vines are marked, divided 
into 2 repetitions of 6 plants. Measurements of vegetative growth and yield are 
carried out, as well as physical-chemical analysis of the grape on each repetition. 
For the pedological study, a pit is made next to each of the repetitions of six vines, 
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describing the profile and analyzing the different horizons in the laboratory. In this 
way, between two and three pits per hectare of vineyard are made, density suitable 
for very detailed soil zoning [12, 32]. The soil classification proposed by the United 
States Department of Agriculture has been used [30].

The NDVI is defined as the difference between the radiance value in near 
infrared and red, divided by their sum [20]. In this work, these radiance values have 
been obtained from multispectral images captured by the Pléiades satellite (0.5 
meters of spatial resolution) on August 25, 2014, and August 19, 2015, and by the 
SPOT 5 satellite (2.5 meters of spatial resolution) on August 14, 2013. The calcula-
tion and graphic representation of the NDVI are carried out pixel by pixel, with 
the help of the ArcGIS 10.1 software from the Environmental Systems Research 
Institute (ESRI). The definition of the classes (very low, low, medium, high, and 
very high) is done according to five quantiles, the first quantile corresponding to 
the very low class and the fifth quantile to the very high class.

The statistical analysis of the data was carried out through principal component 
analysis (PCA) and univariate ANOVA, after checking normality and homogeneity 
of variances of the variables. The significance of these analyses was determined for 
the probability levels p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). The means are 
compared by the Duncan test when there were significant differences in the analysis 
of variance. The SPSS program, version 15.0 (SPSS Inc. Chicago, Illinois), was used 
for the ANOVA analyses, and for the rest of the statistical calculations, the XLSTAT 
2019.1.2 supplement was used on Microsoft Excel 2007. This complement was also 
used to perform an agglomerative hierarchical clustering (AHC) reducing the 28 
analyzed variables of the epipedon before performing the PCA. In this case, the cor-
relation between variables has been calculated for a significance level alpha = 0.05.

For the geostatistical study of the NDVI distribution, the normalized Moran 
index (NMI) is used, which measures the spatial autocorrelation allowing to evalu-
ate if the NDVI pattern is clustered, dispersed, or random. For the calculation of 
this index, as well as the associated z-value, the ArcGIS 10.1 ESRI tool is used.

3. Results

Table 1 and Figure 1 show that EHUs with high yield and high weight of 
pruning wood (vigorous EHUs) correspond with low probable alcohol grade, low 
polyphenolic content, and high acidity. These results were to be expected according 
to numerous previous studies by other authors [19, 33].

The AHC analysis has allowed grouping the 28 analyzed variables of the sur-
face horizon (results not shown) into 3 homogeneous classes, represented by 1 of 
its variables. Thus, the fine land (FL); the alpha index (AI), which indicates the 
exchange capacity of the clay; and the humidity at field capacity (H33C) represent, 
among other variables, the silt content, the total limestone, and the pH; the content 
in sand, in clay, and in organic matter and the electrical conductivity and the cation 
exchange capacity; and the content of coarse elements, the active limestone, and the 
moisture content of the wilting point, respectively.

Observing the biplot graphics of the PCA (Figure 1) carried out for the EHUs 
(observations) and the characteristics of the grape studied together with the three 
representative variables of the epipedon, it is possible to differentiate between three 
groups of EHUs. The first group is formed by C1, C2, D2, and D3, which is charac-
terized by its vigor, high yields, and higher levels of malic acid; the second group is 
composed of B1, B2, and D1 that could be considered as transitional; and the third 
group is represented by A1, A2, and A3 with a higher probable alcohol level, antho-
cyanin content, and total polyphenol index (TPI). Regarding the three elements of 
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the soil epipedon and its associated variables according to the AHC, it was found 
that there are positive correlations between the FL and the content in malic acid and 
between the H33c and the pH of the grape, as well as negative correlation between 
the H33c and malic acid (Figure 1).

3.1 Between-vineyard scale

Depending on the scale used in the class discrimination of the NDVI, differ-
ent maps can be obtained, although the values of the distribution are constant. 
Thus, Figure 2 presents the graphic representations of the four vineyards with a 
common classification of values, in contrast to the FIA drawn at the plot scale. On 
the contrary, in Figure 3 a classification of the individualized NDVI values has 
been carried out for each vineyard. Comparing both figures it is observed that in 
Figure 3 the NDVI distributions in each vineyard follow a pattern more similar to 
the FIA; in addition there are greater contrasts, something that facilitates the zoning 
(Figures 2A and 3A). In particular, vineyards A and D present a spatial distribution 

UHM Yield WP %vol pH M A TPI ANT

A1 835 abc 230 a 14.45 bc 3.95 c 2.3 abc 54.5 ef 706 cde

A2 1082 cd 407 cd 14.4 bc 3.86 ab 1.96 a 56.5 f 734 de

A3 706 a 231 a 14.76 c 4.09 d 2.92 cd 52.5 f 788 e

B1 1022 bcd 390 c 13.68 a 3.87 ab 2.01 ab 46.8 bcd 612 abc

B2 767 ab 308 b 13.86 ab 3.82 ab 2.17 ab 48.6 cd 655 bcd

C1 2342 g 559 e 13.35 a 3.9 bc 2.97 cd 43.6 abc 562 ab

C2 2439 g 584 e 13.40 a 3.87 ab 2.7 bcd 40.6 a 530 a

D1 1275 de 307 b 13.45 a 3.8 a 2.3 abc 49.9 de 673 cd

D2 1640 f 690 f 13.84 ab 3.81 a 3.09 d 43.0 ab 597 abc

D3 1506 ef 461 d 14.02 ab 3.83 ab 2.6 bcd 46.1 bcd 637 bcd

Sig. *** *** *** *** ** *** ***

Table 1. 
Results (mean 2012–2015) of each UHM: yield (g), weight of pruning wood (WP, g), probable volumetric 
alcohol degree (%vol), pH, malic acid (MA, g/l), total polyphenol index, and anthocyanins (ANT, mg/l).

Figure 1. 
Biplot graphs of observations (EHU) and variables related to the vineyard (yield, WP,%vol, pH, MA, TPI, 
and ANT) and to the epipedon (FL, AI, H33C). F1, F2, and F3 are the first three factors of the PCA.
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describing the profile and analyzing the different horizons in the laboratory. In this 
way, between two and three pits per hectare of vineyard are made, density suitable 
for very detailed soil zoning [12, 32]. The soil classification proposed by the United 
States Department of Agriculture has been used [30].

The NDVI is defined as the difference between the radiance value in near 
infrared and red, divided by their sum [20]. In this work, these radiance values have 
been obtained from multispectral images captured by the Pléiades satellite (0.5 
meters of spatial resolution) on August 25, 2014, and August 19, 2015, and by the 
SPOT 5 satellite (2.5 meters of spatial resolution) on August 14, 2013. The calcula-
tion and graphic representation of the NDVI are carried out pixel by pixel, with 
the help of the ArcGIS 10.1 software from the Environmental Systems Research 
Institute (ESRI). The definition of the classes (very low, low, medium, high, and 
very high) is done according to five quantiles, the first quantile corresponding to 
the very low class and the fifth quantile to the very high class.

The statistical analysis of the data was carried out through principal component 
analysis (PCA) and univariate ANOVA, after checking normality and homogeneity 
of variances of the variables. The significance of these analyses was determined for 
the probability levels p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). The means are 
compared by the Duncan test when there were significant differences in the analysis 
of variance. The SPSS program, version 15.0 (SPSS Inc. Chicago, Illinois), was used 
for the ANOVA analyses, and for the rest of the statistical calculations, the XLSTAT 
2019.1.2 supplement was used on Microsoft Excel 2007. This complement was also 
used to perform an agglomerative hierarchical clustering (AHC) reducing the 28 
analyzed variables of the epipedon before performing the PCA. In this case, the cor-
relation between variables has been calculated for a significance level alpha = 0.05.

For the geostatistical study of the NDVI distribution, the normalized Moran 
index (NMI) is used, which measures the spatial autocorrelation allowing to evalu-
ate if the NDVI pattern is clustered, dispersed, or random. For the calculation of 
this index, as well as the associated z-value, the ArcGIS 10.1 ESRI tool is used.

3. Results

Table 1 and Figure 1 show that EHUs with high yield and high weight of 
pruning wood (vigorous EHUs) correspond with low probable alcohol grade, low 
polyphenolic content, and high acidity. These results were to be expected according 
to numerous previous studies by other authors [19, 33].

The AHC analysis has allowed grouping the 28 analyzed variables of the sur-
face horizon (results not shown) into 3 homogeneous classes, represented by 1 of 
its variables. Thus, the fine land (FL); the alpha index (AI), which indicates the 
exchange capacity of the clay; and the humidity at field capacity (H33C) represent, 
among other variables, the silt content, the total limestone, and the pH; the content 
in sand, in clay, and in organic matter and the electrical conductivity and the cation 
exchange capacity; and the content of coarse elements, the active limestone, and the 
moisture content of the wilting point, respectively.

Observing the biplot graphics of the PCA (Figure 1) carried out for the EHUs 
(observations) and the characteristics of the grape studied together with the three 
representative variables of the epipedon, it is possible to differentiate between three 
groups of EHUs. The first group is formed by C1, C2, D2, and D3, which is charac-
terized by its vigor, high yields, and higher levels of malic acid; the second group is 
composed of B1, B2, and D1 that could be considered as transitional; and the third 
group is represented by A1, A2, and A3 with a higher probable alcohol level, antho-
cyanin content, and total polyphenol index (TPI). Regarding the three elements of 
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the soil epipedon and its associated variables according to the AHC, it was found 
that there are positive correlations between the FL and the content in malic acid and 
between the H33c and the pH of the grape, as well as negative correlation between 
the H33c and malic acid (Figure 1).

3.1 Between-vineyard scale

Depending on the scale used in the class discrimination of the NDVI, differ-
ent maps can be obtained, although the values of the distribution are constant. 
Thus, Figure 2 presents the graphic representations of the four vineyards with a 
common classification of values, in contrast to the FIA drawn at the plot scale. On 
the contrary, in Figure 3 a classification of the individualized NDVI values has 
been carried out for each vineyard. Comparing both figures it is observed that in 
Figure 3 the NDVI distributions in each vineyard follow a pattern more similar to 
the FIA; in addition there are greater contrasts, something that facilitates the zoning 
(Figures 2A and 3A). In particular, vineyards A and D present a spatial distribution 

UHM Yield WP %vol pH M A TPI ANT

A1 835 abc 230 a 14.45 bc 3.95 c 2.3 abc 54.5 ef 706 cde

A2 1082 cd 407 cd 14.4 bc 3.86 ab 1.96 a 56.5 f 734 de

A3 706 a 231 a 14.76 c 4.09 d 2.92 cd 52.5 f 788 e

B1 1022 bcd 390 c 13.68 a 3.87 ab 2.01 ab 46.8 bcd 612 abc

B2 767 ab 308 b 13.86 ab 3.82 ab 2.17 ab 48.6 cd 655 bcd

C1 2342 g 559 e 13.35 a 3.9 bc 2.97 cd 43.6 abc 562 ab

C2 2439 g 584 e 13.40 a 3.87 ab 2.7 bcd 40.6 a 530 a

D1 1275 de 307 b 13.45 a 3.8 a 2.3 abc 49.9 de 673 cd

D2 1640 f 690 f 13.84 ab 3.81 a 3.09 d 43.0 ab 597 abc

D3 1506 ef 461 d 14.02 ab 3.83 ab 2.6 bcd 46.1 bcd 637 bcd

Sig. *** *** *** *** ** *** ***

Table 1. 
Results (mean 2012–2015) of each UHM: yield (g), weight of pruning wood (WP, g), probable volumetric 
alcohol degree (%vol), pH, malic acid (MA, g/l), total polyphenol index, and anthocyanins (ANT, mg/l).

Figure 1. 
Biplot graphs of observations (EHU) and variables related to the vineyard (yield, WP,%vol, pH, MA, TPI, 
and ANT) and to the epipedon (FL, AI, H33C). F1, F2, and F3 are the first three factors of the PCA.
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of the NDVI similar to the FIA (Figure 3). However, plots B and C seem to have a 
more chaotic NDVI distribution in relation to the FIA, something that seems to be 
related to the modification of the terrain before planting. This is also the reason why 

Figure 3. 
Spatial distribution of NDVI from Pleiades image. A classification of the individualized NDVI values has been 
carried out for each vineyard. The labels (A, B, C and D) represent the vineyards of the same name.

Figure 2. 
Spatial distribution of NDVI from Pleiades image. A common classification is carried out for the four vineyards. 
The labels (A, B, C and D) represent the vineyards of the same name.
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plot C, which according to Table 1 includes the most vigorous UHMs in the study, 
does not include more surface of the high or very high classes of the NDVI map 
(Figure 3).

Considering Figure 2, most of vineyard B is included, according to the NDVI, 
in the very high class, while the results of production and composition of the grape 
(Table 1) do not correspond to this result, agreement with previous studies [16, 19, 
34]. Also sector D2 (and part of D3) is included in the very high class (Figure 2), 
but in this case this EHU is characterized by having a high yield and a high prun-
ing weight, as well as low sugar levels, pH, IPT and anthocyanins, and the highest 
content in malic acid; this coincides with the aforementioned works. Again, it seems 
that the modification of the natural characteristics of the environment prevents the 
use of the NDVI as a tool for the zoning of the vineyard, at least on this scale of work.

On the contrary, sectors A1 and A3 of vineyard A are included in the very low 
class (Figure 2A). In comparison with the other sectors (Table 1), the vines of A1 
and A3 have shown the lowest weight of pruning wood, low yields, high levels of 
probable alcoholic degree, pH, IPT, and total anthocyanins, as well as low levels of 
malic acid. The other sector of plot A (A2) has been discriminated against by the 
NDVI since it is not included in the very low class. Sector A2 (Table 1) presents 
higher values of production and weight of pruning wood than sectors A1 and A3. In 
any case, this discrimination of EHUs is better defined (in relation to the FIA) when 
making the classification of the vineyard scale distribution (Figure 3A).

3.2 Intra-vineyard scale

For the study of intra-vineyard variability, we will focus on plot D (Figure 4). The 
difference between the characteristic profiles of each EHU can be observed, appreci-
ating, at first sight, the fluventic character of the D2B profile (Figure 4B) and typical 
of areas of deposition of material or fertile ground. A unique feature of this type of 
profile is that its agricultural behavior is similar to an addition of slow liberalization 
fertilizer, which will influence increasing soil fertility and vigor and vineyard produc-
tion (Table 1). Specifically, this profile has a content in organic matter in the epipedon 
(Ap) of 2.25%, while in the Ab horizon (52–80 cm deep), there is a level of 3.6%. 
Regarding the NDVI, sector D2 associated with this profile (Figure 3D) is included 
mainly in the high and very high classes. This indicates, as well as the vegetative, grape 
composition, and pedological results, that it is a UHM that can be characterized as 
vigorous, in relation to the rest of the UHMs in the vineyard.

In Figure 4D a NDVI classification has been carried out independently in each 
EHU; the result obtained is not technically operational, at least in a vineyard of the 
size of the studied one (2 ha). In order to refine the zoning delimitation to this scale 
of work, we could redefine the EHUs with the help of the NDVI distribution from 
the classification of the vineyard (Figure 4E). In this way vineyard D will be zoned 
in three EHUs:

D1: northeast facing slope whose characteristic profile is a mesic Calcic 
Haploxeralf with 80 cm effective depth and with an argillic horizon (20–80 cm of 
depth). It is the least productive EHU of the vineyard, whose characteristics of the 
grape are high probable alcoholic degree, lower acidity, and high content in total 
polyphenols and anthocyanins (Table 1). Regarding the NDVI, very low, low, and 
medium classes appear mainly.

D2: material deposition area characterized by fine loamy, mixed, mesic, and 
Typic Xerofluvent with 145 cm effective depth and darker color of the epipedon. It 
is expected that it is the freshest sector (and most sensitive to frosts) in relation to 
the other two sectors of the vineyard. All these factors mean that production is the 
highest of the three sectors and that the grape composition is the one with the lowest 
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of the NDVI similar to the FIA (Figure 3). However, plots B and C seem to have a 
more chaotic NDVI distribution in relation to the FIA, something that seems to be 
related to the modification of the terrain before planting. This is also the reason why 
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carried out for each vineyard. The labels (A, B, C and D) represent the vineyards of the same name.
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Spatial distribution of NDVI from Pleiades image. A common classification is carried out for the four vineyards. 
The labels (A, B, C and D) represent the vineyards of the same name.
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plot C, which according to Table 1 includes the most vigorous UHMs in the study, 
does not include more surface of the high or very high classes of the NDVI map 
(Figure 3).

Considering Figure 2, most of vineyard B is included, according to the NDVI, 
in the very high class, while the results of production and composition of the grape 
(Table 1) do not correspond to this result, agreement with previous studies [16, 19, 
34]. Also sector D2 (and part of D3) is included in the very high class (Figure 2), 
but in this case this EHU is characterized by having a high yield and a high prun-
ing weight, as well as low sugar levels, pH, IPT and anthocyanins, and the highest 
content in malic acid; this coincides with the aforementioned works. Again, it seems 
that the modification of the natural characteristics of the environment prevents the 
use of the NDVI as a tool for the zoning of the vineyard, at least on this scale of work.

On the contrary, sectors A1 and A3 of vineyard A are included in the very low 
class (Figure 2A). In comparison with the other sectors (Table 1), the vines of A1 
and A3 have shown the lowest weight of pruning wood, low yields, high levels of 
probable alcoholic degree, pH, IPT, and total anthocyanins, as well as low levels of 
malic acid. The other sector of plot A (A2) has been discriminated against by the 
NDVI since it is not included in the very low class. Sector A2 (Table 1) presents 
higher values of production and weight of pruning wood than sectors A1 and A3. In 
any case, this discrimination of EHUs is better defined (in relation to the FIA) when 
making the classification of the vineyard scale distribution (Figure 3A).

3.2 Intra-vineyard scale

For the study of intra-vineyard variability, we will focus on plot D (Figure 4). The 
difference between the characteristic profiles of each EHU can be observed, appreci-
ating, at first sight, the fluventic character of the D2B profile (Figure 4B) and typical 
of areas of deposition of material or fertile ground. A unique feature of this type of 
profile is that its agricultural behavior is similar to an addition of slow liberalization 
fertilizer, which will influence increasing soil fertility and vigor and vineyard produc-
tion (Table 1). Specifically, this profile has a content in organic matter in the epipedon 
(Ap) of 2.25%, while in the Ab horizon (52–80 cm deep), there is a level of 3.6%. 
Regarding the NDVI, sector D2 associated with this profile (Figure 3D) is included 
mainly in the high and very high classes. This indicates, as well as the vegetative, grape 
composition, and pedological results, that it is a UHM that can be characterized as 
vigorous, in relation to the rest of the UHMs in the vineyard.

In Figure 4D a NDVI classification has been carried out independently in each 
EHU; the result obtained is not technically operational, at least in a vineyard of the 
size of the studied one (2 ha). In order to refine the zoning delimitation to this scale 
of work, we could redefine the EHUs with the help of the NDVI distribution from 
the classification of the vineyard (Figure 4E). In this way vineyard D will be zoned 
in three EHUs:

D1: northeast facing slope whose characteristic profile is a mesic Calcic 
Haploxeralf with 80 cm effective depth and with an argillic horizon (20–80 cm of 
depth). It is the least productive EHU of the vineyard, whose characteristics of the 
grape are high probable alcoholic degree, lower acidity, and high content in total 
polyphenols and anthocyanins (Table 1). Regarding the NDVI, very low, low, and 
medium classes appear mainly.

D2: material deposition area characterized by fine loamy, mixed, mesic, and 
Typic Xerofluvent with 145 cm effective depth and darker color of the epipedon. It 
is expected that it is the freshest sector (and most sensitive to frosts) in relation to 
the other two sectors of the vineyard. All these factors mean that production is the 
highest of the three sectors and that the grape composition is the one with the lowest 
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Figure 5. 
Spatial distribution of the NDVI in the years 2014 (satellite Pleiades) and 2013 (satellite SPOT 5) and proposed 
terroir zoning.

probable alcoholic degree, the highest acidity, and the lowest content of total poly-
phenols and anthocyanins (Table 1). The very high and high classes of the NDVI are 
the most present in this EHU.

D3: hillside with southwest orientation, whose main soil is fine loamy, mixed, 
mesic, and Typic Xerothent, with an effective depth of 145 cm. It could be consid-
ered as the EHU of intermediate characteristics between the other two.

Figure 5 shows the graphic representation of the NDVI from other years (2014 
and 2013), verifying the temporal stability of the zoning carried out in vineyard 

Figure 4. 
Characteristic profiles of the EHUs: 4A (sector D1), 4B (sector D2), and 4C (sector D3). NDVI classification 
carried out independently in each EHU and location of the pits (4D). Definitive terroir zoning redefined with 
the NDVI, with a single classification for the three EHUs (4E).
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D. It is noteworthy that the image of the year 2013 is of a resolution (2.5 meters) 
lower than the rest of the years and the distribution pattern of the NDVI is adjusted 
to the proposed zoning. In order to achieve a harvest as homogeneous as possible, 
we could recommend practices aimed at reducing vigor in D2 and increasing it in 
D1, always with the limitations of practical management.

The NMI calculated for the NDVI distribution has a value of 0.998 and a 
z-score of 397 for the years 2015 and 2014, while in 2013 the value of the NMI is 
0.999 and the z-score is 77. For 3 years there is less than 1% likelihood that this 
clustered pattern could be a result of random chance [35]. In this type of spatial 
analysis, it seems that the spatial resolution of the starting image does influence, 
with a lower correlation with lower spatial resolution. In any case, the NDVI 
distributions have a grouped pattern indicating that there is a link between the 
NDVI distribution and the landscape or the distribution of the environment 
elements in space.

4. Conclusions

It has been verified that there is similarity in the distribution of the NDVI and 
the FIA, provided that both cartographies are made at the same scale. In vineyards 
grown on man-modified soils, it seems that the use of vegetation indexes, such as 
the NDVI, does not give the expected results, being able to conclude that there is 
a link between the NDVI and the characteristics of the environment, in particular 
with those related to the soil and landscape.

In the within-vineyard terroir zoning, the EHU associated to a material deposi-
tion area and characterized by the main series fine-loamy, mixed, mesic, and Typic 
Xerofluvent is related to the very high class of the NDVI and at the same time with 
vigorous properties of the vineyard: high yield, high weight of pruning wood, low 
probable alcohol grade, high acidity, and low levels of IPT and anthocyanin content. 
These results have been obtained in comparison with two EHUs associated with 
hillside and whose main soil series are mesic, Calcic Haploxeralf and fine-loamy, 
mixed, mesic Typic Xerorthent.

Regarding the NDVI, the interannual stability in the pattern has been dem-
onstrated regardless of the resolution of the image, at least from 0.5 to 2.5 m/
pixel.

Epipedon characteristics related to agronomic results have been found. Thus, 
it was found that there are positive correlations between the FL (and associated 
variables such as silt content, total limestone, and pH) and content in malic acid 
and between H33c (and the associated variables such as the content in coarse 
elements, the active limestone, and the moisture content of the wilting point) 
and the pH of the grape, as well as the negative correlation between the H33c 
and malic acid. In the future, it will be interesting to find a methodology that 
allows to integrate the analytical results, not only of the superficial horizon but 
also of all the horizons of the soil profile and the vegeto-productive results and 
grape composition, to be able to relate them to each other as exhaustively as 
possible.

The importance of the size of the vineyards to find PV applications is notewor-
thy. In the case of DOCa Rioja, 87% [36] of the vineyards are small (between 0.1 
and 2 hectares), making the sectorization of the vineyards technically and econom-
ically unviable in order to carry out localized treatments. In any case, it is advisable 
to project plantations that, as far as possible, facilitate individualized management, 
particularly in the harvest.
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lower than the rest of the years and the distribution pattern of the NDVI is adjusted 
to the proposed zoning. In order to achieve a harvest as homogeneous as possible, 
we could recommend practices aimed at reducing vigor in D2 and increasing it in 
D1, always with the limitations of practical management.

The NMI calculated for the NDVI distribution has a value of 0.998 and a 
z-score of 397 for the years 2015 and 2014, while in 2013 the value of the NMI is 
0.999 and the z-score is 77. For 3 years there is less than 1% likelihood that this 
clustered pattern could be a result of random chance [35]. In this type of spatial 
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distributions have a grouped pattern indicating that there is a link between the 
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the NDVI, does not give the expected results, being able to conclude that there is 
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with those related to the soil and landscape.
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Xerofluvent is related to the very high class of the NDVI and at the same time with 
vigorous properties of the vineyard: high yield, high weight of pruning wood, low 
probable alcohol grade, high acidity, and low levels of IPT and anthocyanin content. 
These results have been obtained in comparison with two EHUs associated with 
hillside and whose main soil series are mesic, Calcic Haploxeralf and fine-loamy, 
mixed, mesic Typic Xerorthent.

Regarding the NDVI, the interannual stability in the pattern has been dem-
onstrated regardless of the resolution of the image, at least from 0.5 to 2.5 m/
pixel.

Epipedon characteristics related to agronomic results have been found. Thus, 
it was found that there are positive correlations between the FL (and associated 
variables such as silt content, total limestone, and pH) and content in malic acid 
and between H33c (and the associated variables such as the content in coarse 
elements, the active limestone, and the moisture content of the wilting point) 
and the pH of the grape, as well as the negative correlation between the H33c 
and malic acid. In the future, it will be interesting to find a methodology that 
allows to integrate the analytical results, not only of the superficial horizon but 
also of all the horizons of the soil profile and the vegeto-productive results and 
grape composition, to be able to relate them to each other as exhaustively as 
possible.

The importance of the size of the vineyards to find PV applications is notewor-
thy. In the case of DOCa Rioja, 87% [36] of the vineyards are small (between 0.1 
and 2 hectares), making the sectorization of the vineyards technically and econom-
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Chapter 9

Major Natural Vegetation in 
Coastal and Marine Wetlands: 
Edible Seaweeds
Ilknur Babahan, Birsen Kirim and Hamideh Mehr

Abstract

For thousands of years, seaweeds grown in coastal and marine have been used as 
food, materials and medicines by the people. Edible seaweeds directly consumed, 
especially in Asian, are used for preparing food due to the their components contain-
ing minerals, essential trace elements, and various natural compounds. At the last 
decades, they have been getting more and more attention in food and pharmaceutical 
industries because of their biological activities such as anti-cancer, anti-obesity, 
anti-diabetes, anti-microbial, and anti-oxidant activity. Therefore, in the present 
study, we have worked on to understand the structure of edible seaweeds. It is worthy 
to mention that they can be considered as source of some proteins, polyunsaturated 
fatty acids, minerals, vitamins, dietary fibers, antioxidants, and phytochemicals.

Keywords: edible seaweeds, polysaccharides, anti-cancer, anti-obesity, anti-diabetes, 
anti-oxidant, anti-microbial

1. Introduction

Macroalgae or called seaweeds are multicellular, marine species and are con-
sidered as non-vascular plants. Although term seaweed is widely used but these 
species are characteristically far from “weeds” but the fact is, seaweeds are the main 
productive species in the oceans and food chain basis. Seaweeds are used directly 
or indirectly in food and household products without being tasted or smelled. 
They are vastly used in food industry due to their valuable elements, vitamin, and 
proteins [1]. Sea or brackish water is the main habitat for seaweeds (macroalgae), 
and are referred as benthic marine algae or sea vegetables due their choice of habitat 
in the sea [2–4]. These simple unique organisms are one of the major productions 
of Asian industries, and main goal for these industries is to use the production to 
the maximum extent [2, 5]. Since seaweeds are main part of the diet in east Asia 
and to some extent being used as snacks and delicacies in other countries. Although 
seaweeds are as part of food in Far East countries, western countries use them 
as sources of phycocolloids, thickening and gelling agents for various industrial 
applications including food. Different applications are due to various chemical 
composition of seaweeds with habitats, maturity, salinity, environmental habitat, 
and temperature [2, 6].

Seaweeds are produced more than million tons per year, while microalgae 
are being produced almost 20,000 tons annually. This has to be mentioned the 
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macroalgae have higher biomass sells in comparison with seaweeds. Seaweeds are 
mostly cultivated in near shores in China, Philippines and Japan [7, 8]. The total 
aquatic production in 2004 passed 15.36 million tons while 93% of the contribution 
belonged to seaweeds. Among this, 6000 species of seaweeds are harvested which 
fall into three categories as, green (Chlorophytes), brown (Phaeophytes) and red 
(Rhodophytes). Regarding the abundancy, the human consumption is mainly on 
brown algae (66.5%), red algae (33%), and green algae (5%) in Asia [2, 9]. The main 
producers in Asia are focusing on specific algae such as, in China, Japan and Korea 
are Nori (Porphyra, red algae), Konbu (Laminaria, brown algae) and Wakame 
(Undaria, brown algae). Among 6000 species discovered about 150 species are 
known as food source and 100 for phycocolloid production. The total revenue for 
edible algae passed 1 billion US dollars only in Japan and this estimation is the value 
of 1.4 kg seaweed per person consumption.

Marine algae, in addition of being used in food, dairy, pharmaceutical, cos-
metic and medicine industries, they can also be used in biodiesel, bioethanol, and 
hydrogen gases preparation. They can also be applied as antioxidant, antibiotics, 
and virostatic agents [10, 11] application of algae in food industry either for human 
or animal consumption has brought some negative perspectives due to some toxic 
elements such as cadmium or fucotoxins. The amount of toxin in algae is related to 
the contents of fiber and bioactive compounds present. This has direct impact on 
digestibility and application in food industry. Digestibility has connections mainly 
with the nitrogen consumption before and after digestion by using specific enzymes 
called pepsin [10, 12].

1.1 Marine seaweeds

Three main categories of marine seaweeds are Chlorophyta (green algae), 
Rhodophyta (red algae) and Phaeophyta (brown algae) [13]. Each class is explained 
in different section in this review.

1.1.1 Brown seaweeds

Brown algae also known as phaeophyta are the seaweeds mainly grow in cold 
waters at Northern Hemisphere. Marine is their main habitat and it plays a great 
role in their properties. Macrocystic is a kelp which grows underwater forests and 
may extend 60 m (200 ft) in length and has high level of biodiversity [14, 15]. 
Sargassum, another brown algae is an example of singular floating mats of seaweed 
in tropical waters. Many other brown algae grow along rocky shores and they have 
been used as food by humans since 2000 years [14].

Figure 1. 
Some example of brown seaweeds [13].

193

Major Natural Vegetation in Coastal and Marine Wetlands: Edible Seaweeds
DOI: http://dx.doi.org/10.5772/intechopen.88303

Brown algae is a great source of iodine and is the most commonly used alginates. 
They have thickening property, which is greatly used in food products such as salad 
dressings, in oil industry for oil-drilling muds and in coatings. The color of brown 
algae is from green and yellow pigments coming from xanthophyll and chlorophyll, 
respectively. The ranges of colors in brown algae species are due to the variable 
blending of these two pigments [13, 16, 17]. Some example of brown seaweeds are 
shown in Figure 1.

1.1.2 Red seaweeds

Red algae are also classified as phylum Rhodophyta. They are the most abundant 
and commercial value of sea algae. The term Rhodophyta refers to the algae group 
with red pigments due to phycoerythrin and phycocyanin. These pigments mask 
chlorophyll a, which do not contain chlorophyll b, β-carotene and a number of 
unique xanthophylls [13, 18].

Red algae are found on rocky shores. Some species are much deeper than brown 
or green algae. It is known that there are 550 species of red seaweed in the world and 
so they are the largest seaweed group [13, 17]. Two of them are shown in Figure 2. 
For example, a total of 128 varieties of red algae had been recorded in Red Sea so 
far [13, 16]. The main reserves in red seaweeds are typically floridean starch, and 
floridoside. The walls of these algae are made of cellulose and agar and carrageen-
ans, both of which are long chained polysaccharides. Cellulose, agar and carrageen-
ans are widely used commercially and have a large number of uses. Some red algae 
cells are different because, they are not good enough in amoeboidly, but none of the 
algae contain flagella, so none can swim quickly [13, 17].

1.1.3 Green seaweeds

The green algae are classified in the phylum Chlorophyta and are usually grown 
in the intertidal zone which has the high and low water marks, and in shallow water 
where there is plenty of sunlight. Due to the similarity of pigments, it is thought 
that they are the most closely related algae. Many types of green algae found on 
the surface of the ocean or near rocky surfaces. Some species of green seaweeds, 
Halimeda macroloba, Ulva lactuca, Enteromorpha clathrata and Caulerpa trifara are 
shown in Figure 3 [13]. Approximately 140 species were recorded on the shores of 
the world. On the coast of Eritrea, there are about 50 species in the Red Sea.

Sea lettuce is one of the most widely known species. Green algae with bright 
green leaves up to 30 cm are called sea lettuce (Ulva lactuca). Green algae are deeply 
bound to the lower layers and are not usually cast by waves on the beach. Sometimes 
exceptionally, some green algae can tear through their substrate during storms and 
with heavy wave motion.

1.2 Edible seaweeds

Seaweed as a fundamental diet matter are known in Asia since prehistoric times. 
Some 21 species are used in daily cuisine in Japan and even six of them have been 
used since the eighth century. Kaiso, one of the edible seaweeds, accounted for 10% 
of the Japanese cuisine until recently. Using seaweeds in the kitchens extend an 
average of 3.5 kg per household in 1973, an increase of 20% over 10 years [19–22]. 
The 12 largest countries, using seaweeds in the kitchens in the world, are China, 
France, UK, Japan, Chile, Philippines, Korea, Indonesia, Norway, USA, Canada 
and Ireland. The seaweed production and the health of the sea algae is growing 
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average of 3.5 kg per household in 1973, an increase of 20% over 10 years [19–22]. 
The 12 largest countries, using seaweeds in the kitchens in the world, are China, 
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and Ireland. The seaweed production and the health of the sea algae is growing 
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increasingly important, the world seaweed production in 2000, including wild and 
softened, has reached about 10 million tons [21, 22].

As it was mentioned above, seaweeds are categorized into three classes of 
Rhodophyta (red), Phaeophyta (brown) and Chlorophyta (green) marine mac-
roalgae. Some reported common edible Brown algae (Phaeophycae) are divided as 
Kelp, Fucales and Ectocarpales, given in Table 1 [23]. Common edible Red algae 
(Rhodophyta) are Carola (Callophyllis spp.), Carrageen moss (Mastocarpus stella-
tus), Dulse (Palmaria palmata), Eucheuma (Eucheuma spinosum and Eucheuma cot-
tonii), Gelidiella (Gelidiella acerosa), Ogonori (Gracilaria), Grapestone Mastocarpus 
papillatus, Hypnea, Irish moss (Chondrus crispus), Laverbread (Porphyra 
laciniata/Porphyra umbilicalis), Gim (Pyropia, Porphyra) and Nori (Porphyra) [23]. 
Common edible Green algaes are Chlorella (Chlorella sp.), Gutweed (Ulva intestina-
lis), Sea grapes or green caviar (Caulerpa lentillifera), Sea lettuce (Ulva spp.) [23].

1.2.1 Biological activity of edible seaweeds

There two categories of algae as macro-algae (macroscopic) and micro-algae 
(microscopic) [10, 24]. Although algeas are great source and producers of vitamins, 

Figure 3. 
Some species of green seaweeds [13].

Figure 2. 
Some species of red seaweeds [13].
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minerals and proteins and fatty acids but not great efforts have been allocated on the 
research of these plant like organisms [10, 25, 26]. Seaweeds are considered as source of 
soluble dietary fibers, proteins, minerals, vitamins, antioxidants, phytochemicals, and 
polyunsaturated fatty acids, with low caloric value. These nutrient factors are directly 
influenced by external environmental factors such as geographic location, temperature 
and season [27, 28]. Although their main application is gelling agent, thickened and 
stabilizers in food industries but currently studies are focused on medicinal usage and 
their anticancer, diabetes, inflammation, obesity and other ailments treatments [27].

Edible seaweeds are fundamental part of the cuisine for people living by the seas 
in areas such as Asia, Hawaii, South America and Africa, as well as marine products 
obtained from the sea, which are the source of protein from the sea, and in recent 
years a focus of interest in Europe and America due to the increasing interest in 
healthy nutrition. Edible seaweeds are a very good source of vitamins such as A, B1, 
B2, B6, B12, niacin and C and also rich in iodine, potassium, iron, magnesium and 
calcium. They are nutritious as a component in food [4, 13, 21, 22, 29–32].

In addition to being source of food, seaweeds have antibacterial, antiviral and 
antifungal properties [2, 33]. In ancient researches, there are tracks of seaweed 
applications specially in 2500 years old Chinese literature [34, 35]. For instance, 
Japanese were using seaweed as one of the main ingredients in recipe for Nori 
in addition to raw fish and sticky rice. It is also well known in Europe and North 
America that seaweeds have therapeutic powers in treatment of tuberculosis, 
arthritis, colds and influenza. Very early discovery in 1990s, marine bacteria, 
invertebrates and algae were used in bioactive compounds [34, 36]. Major milestone 
in pharmaceutical industries during 1980–1995 was research on seaweed [34, 37]. 
The discoveries showed that many types of seaweed have anti-inflammatory and 
anti-microbial agents. These agents are able to be used in treatment of wounds, 
burns and rashes and some evidences have suggested the algae have been used in 
treatment of breast cancer in ancient Egypt [38, 39].

Kelps Fucales Ectocarpales

Arame (Eisenia bicyclis) Bladderwrack (Fucus vesiculosus) Mozuku (Cladosiphon 
okamuranus)

Badderlocks (Alaria esculenta) Channelled wrack (Pelvetia 
canaliculata)

Cochayuyo (Durvillaea 
antarctica)

Hijiki or Hiziki (Sargassum 
fusiforme)

Ecklonia cava Limu Kala (Sargassum 
echinocarpum)

Kombu (Saccharina japonica) Sargassum

Oarweed (Laminaria digitata) Spiral wrack (Fucus spiralis)

Sea palm (Postelsia 
palmaeformis)

Thongweed (Himanthalia elongata)

Sea whip (Nereocystis 
luetkeana)

Sugar kelp (Saccharina 
latissima)

Wakame (Undaria pinnatifida)

Hiromi (Undaria undarioides)

Table 1. 
The list of the common edible Brown algae types (Kelps, Fucales and Ectocarpales).
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Kelps Fucales Ectocarpales

Arame (Eisenia bicyclis) Bladderwrack (Fucus vesiculosus) Mozuku (Cladosiphon 
okamuranus)

Badderlocks (Alaria esculenta) Channelled wrack (Pelvetia 
canaliculata)

Cochayuyo (Durvillaea 
antarctica)

Hijiki or Hiziki (Sargassum 
fusiforme)

Ecklonia cava Limu Kala (Sargassum 
echinocarpum)

Kombu (Saccharina japonica) Sargassum

Oarweed (Laminaria digitata) Spiral wrack (Fucus spiralis)

Sea palm (Postelsia 
palmaeformis)

Thongweed (Himanthalia elongata)

Sea whip (Nereocystis 
luetkeana)

Sugar kelp (Saccharina 
latissima)

Wakame (Undaria pinnatifida)

Hiromi (Undaria undarioides)

Table 1. 
The list of the common edible Brown algae types (Kelps, Fucales and Ectocarpales).
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Seaweeds are known to contain strong natural anti-oxidants, since algae con-
tain a lot of secondary metabolites such as tocopherol, carotenoids, polyphenols, 
flavonoids, tannins, lignans, and mycosporine-like amino acids (MAA), vitamin C, 
and glutathione [40].

The studies have shown that seaweeds possess anticancer agents and there are 
hopes they can be effective in treatment of tumors and leukemia [34]. As the efforts 
have continued, scientists successfully isolated chemical compounds from brown 
seaweed with anticancer and antitumor activities [38, 39]. It has been reported that 
fucoidan from U. pinnatifida shows very good anti-cancer activity against human 
lung cancer cell line which is known A549 cell line [41].

Some studies in last decades show that fucoxanthin and fucoxanthinol from  
U. pinnatifida shows also anti-obesity activity. As obesity is known a serious 
health issue and has cost significant economic problem, that edible seaweeds 
possess anti-obesity activity, is very notable because; it is well known that obesity 
cost to some chronic diseases, such as liver steatosis, cardiovascular disease, 
osteoarthritis, type 2 diabetes, and some types of cancer. Alongside having anti-
obesity activity, some reports show that fucoxanthin and fucoxanthinol from  
U. pinnatifida possesses anti-diabetic activity [41]. Therefore, it can be considered 
that anti-obesitity activity and anti-diabetic activity are related each other. It is 
expected that if seaweeds have anti-obesity activity, they can able to show anti-
diabetic activity.

2. Chemical components of edible seaweeds

2.1 Polysaccharides

Polysaccharides are the main components of green, brown and red seaweed. 
Algae cell walls contain numerous polysaccharides such as, alginates, alginic acid, 
carrageenans, agar, laminarans, fucoidans, ulvans and derivatives with storage 
and structural functions (Perez et al., 2016; [42, 43]). As it is shown in Figure 4 
[44], agar polysaccharides have complex molecular structure with alternating 
composition of 3-linked-d-galacropyranose (G unit) and 4-linked-3,6-anhydro-
l-galactopyranose (LA unit) [45]. Substitution of hydroxyl group by ester sulfate, 
methyl groups and pyruvic acid at various positions have direct impact on physical 
and rheological properties of polysaccharides [44, 46–50].

Polysaccharides have noticeable effects in immunomodulatory and anti-cancer 
as one of the most important macromolecules. These effects are driving force for 
wide research in biochemical and medical areas. As it was mentioned above, poly-
saccharides are abundant in cell walls and their composition is under the influence 
of season, age, species and geographical location. Their main goal in plants are food 
reservoir, however they can provide strength, and flexibility encountering wave 
actions and also balancing the ionic equilibrium inside the cell. Other structural 
benefits of polysaccharides, such as regularity of the hydroxyl group, can increase 
the ion interactions our of cell walls and interchain hydrogen bonding and causing 
gelation.

Depending on seaweeds, different polysaccharides can be produced by algi-
nates, fucoidans, and laminarans. Laminarans, fucoidans as water soluble and high 
molecular mass alginic acids as alkali soluble polysaccharides are main products of 
brown seaweeds [51]. Main components of brown algae wall are cellulose micro-
fibrils merged in amorphous polysaccharide while they relate to each other via 
proteins. There are two kinds of acid polysaccharides in extracellular structure of 
brown algae, sulfated fucans and alginic acid (Perez et al., 2016).
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2.1.1 Fucans

Fucans as one of the acid polysaccharides present in extracellular structure of 
brown algae (Figure 5) are categorized into three major groups: fucoidans, xylofu-
coglycuronans and glycorunogalactofucans [51].

2.1.2 Fucoidans

Fucoidan is a branched sulfate ester polysaccharide with branching. The 
major branches in this polysaccharide are l-fucose-4 sulfate or sulfate ester at C3. 
Fucoidan has molecular weight ranging from 100 kDa [52] to 1600 kDa [53]. Main 
components of Fucoidan are fucose, uronic acids, galactose, xylose and sulfated 
fucose. Fucoidan structure contains sulfated fucans backbone, which is made of 
different sugars, fucose, or uronic acid. The backbone also has different degrees 
of branching. This structure is highly dependent on the algae’s species. Due to the 
complex structure, especially due to branching, it is very difficult to study the whole 
molecule [54].

As a known fact, fucoidan has solubility in water and acid solution [53] and 
acid hydrolysis can result various amounts of d-xylose, d-galactose, and uronic 
acid. Algal fucoidans as very common sulfated polysaccharide present in all brown 
algae are mainly found in Fucales and Laminariales, also present in Chordariales, 

Figure 4. 
Chemical structure of agar polysaccharides with the different types of monomers [44].

Figure 5. 
(a) Structure of fucoidan [51] and (b) structure of laminaran [51].
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Dictyotales, Dictyosiphonales, Ectocarpales, and Scytosiphonales. Although algal is 
present in brown algae but it seems to be absent in green algae, red algae, as well as 
in freshwater algae and terrestrial plants [55].

Study the structural composition of polysaccharides showed that xylofucoglyc-
uronans or ascophyllans have polyuronide backbone, fundamentally poly-b-(1,4)-
d-mannuronic acid branched with 3-O-d-xylosyl-l-fucose-4-sulfate or sometimes 
uronic acid. While, glycuronogalactofucans are composed of linear chains of 
(1,4)-d-galactose branched at C5 with l-fuco-syl-3-sulfateoroccasionallyuronicacid 
[56]. This backbone consists of (1 → 3)-linked α-l-fucopyranose residues (type 
1, Figure 6A) or alternating (1 → 3)-linked α-l-fucopyranose, (1 → 4)-linked 
α-l-fucopyranose residues (type 2, Figure 6B), and fucose and sulfate branching 
(Figure 6C) [54].

2.1.3 Carrageenans

Carrageenan as linear sulfated polysaccharides are extracted from edible red 
seaweeds. Carrageenan name is from Chondrus crispus species of seaweed known as 
Carrageen Moss or Irish Moss in England, and Carraigin in Ireland [57]. This large 
and highly flexible polysaccharide contain 15–40% of ester-sulfate as the main 
component of sulfated polygalactan with average molecular weight of 100 kDa. 
The structural composition shows alternate units of anhydrogalactose (3,6-AG) 
and d-galactose. These units are joint by α-1,3 and β-1,4-glycosidic linkage. There 
are different classes of carrageenan such as λ, κ, ι, ε, μ. All these classes have sulfate 
groups in range of 22–35%. The number and position of the ester sulfate is the key 
for the primary differences in different types of carragenans. It must be mentioned 
that these nomenclatures have no reflect on the chemical structures. Kappa and 
Iota type have ester sulfate content around 25–30% and 3,6-AG content of about 
25–30%. While, Lambda type has higher ester sulfate content of about 32–39% and 
no content of 3,6-AG (Figure 7) [57, 58].

2.1.4 Alginic acids

Alginic acid or algin is a linear polysaccharide with 1,4-linked, b-d-mannuronic 
and a-l-guluronic acid (Figure 8) as building blocks which are arranged in non-
regular and different sequences fashion [59]. Alginic acid is derived from brown 
seaweed in form of sodium and calcium alginate with main application in food and 
pharmaceutical industries. Structural functionalities make them able to bind with 

Figure 6. 
Structure of fucoidans [54].
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metal ions and obtained very viscous solutions when hydrated. This water absorp-
tion property makes alginate suitable for different applications specially in biologi-
cal studies with potential application as anti-coagulant, anti-tumor, anti-viral and 
anti-oxidant [55, 60, 61].

Figure 7. 
Chemical structure of carrageenans [57].
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2.1.5 Laminarans

Laminarans, the nutritional reserve of all brown algae, was first detected 
in Laminaria species. The molecular weight of the laminaran is about 5000 Da 
depending on the degree of polymerization. The main sugar, structure and com-
position of the laminaria species is the laminar, which varies according to the algae 
species. Laminaran is a polysaccharide, which is soluable in water and consisting 
20–25 glucose units including of (1,3)-b-d-glucan including of (1,3)-b-d-glucan, b 
(1,6) branched (Figure 8b). There are two kinds of laminar chain, called M or G, 
which are different at the reduction ends. While the M chains ends with a mannitol 
residue, the G chains end with a glucose residue. Most of the laminates, which are 
impervious to hydrolysis in the upper gastrointestinal tract (GIT) and which are 
considered to be dietary fiber, are stabilized by cross-chain hydrogen bonds [63]. 
The activity of structure of laminarans, which are affected by environmental fac-
tors such as water temperature, nutrient salt, salinity, waves, sea flow and plunge 
depth, vary. Besides the role of laminar as a prebiotic and dietary fiber, it is also 
interesting to have anti-microbial and anti-cancer activities [63].

2.2 Alkaloids

Alkaloids are organic compounds, which contains nitrogen atom in their 
structures. Various structures of amines, cyclic nitrogen and halogenated contain-
ing organic compounds exist in the plants and natural materials. Cyclic nitrogen 
containing alkaloids are only be found in marine organisms and marine algae and 
are classifies in three main categories [64].

2.2.1 Phenylethylamine alkaloids (PEA)

β/2-phenylethylamine, phenethylamine also known as PEA is made of benzene 
ring with different ethylamine side chains (Figure 9a). These important alkaloids 
are precursors for making natural and synthetic compounds. Many pharma-
ceutical precursors can be achieved from substituted PEAs present in plant and 
animals, such as, simple phenylamine (tyramine, hordenine) and catecholamine 
(dopamine) [64].

Some type of brown algae, Gracilaria bursa-pastoris, Halymenia floresii, 
Phyllophora crispa, Polysiphonia morrowii and Polysiphonia tripinnata, have PEA in 
their structures [65].

2.2.2 Indole and halogenated indole alkaloids

Morales-Ríos et al. recorded that the alkaloids produced by Flustra foliacea, pos-
sessing an unusual pyrroloindoline skeleton, are divided into simple indoles (1–6) 

Figure 8. 
(a) b-d-mannuronic acid in alginic acid and (b) a-l-guluronic acid in alginic acid (a and b adapted from 
[51, 62]).
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and a quinoline 7 (Figure 10), and those with a pyrrolo[2,3-b]indole framework 
(8–23), including hexahydro-1,2-oxazino[5,6-b]indole (24) (Figure 11). Main 
metabolites in marine seaweeds such bryozoan Flustra foliacea are brominated 
indoles. The structure of these seaweeds have number of brominated indoles with 
prenyl or isoprenyl substituents at different positions [66].

The marine cheilostome bryozoan Flustra foliacea contain an order of bromi-
nated pyrroloindolines and indoles, terpenes, and a kind of quinoline, having a 
variety of biological activities, including anti-microbial, anti-tumor and some 
biological activities, as secondary metabolites [66].

2.2.3 Other alkaloids

Main alkaloids achieved form algae are from family of 2-phenylethylamine and 
indole with different substitutions and functionalities. 2,7-naphthyridine deriva-
tives are also alkaloids. Substitutions such as bromide and chloride are specifically 
seen in Chlorophyta (Perez et al., 2016; [67]). Regarding to the medical properties 

Figure 9. 
Structures of phenylethylamine derivatives: (a) PEA; (b) N-ACPEA; (c) TYR; (d) N-ACTYR; (e) HORD; 
(f) DOP (adapted from [65]).

Figure 10. 
Structure of indoles (1–6) and quinoline (7) extracted from F. foliacea (adapted from [66]).
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of marine alkaloids, further research and study successfully separated sufficient 
amount of pure organic derivatives for biological testing [66].

2.3 Terpenes

Terpenes known as main algae metabolites, have chemical structure including 
five-carbon precursor. They are classified into, hemiterpenes, including five car-
bons (C5); monoterpenes, including ten carbons (C10); sesquiterpenes, including 
fifteen carbons (C15); diterpenes, including twenty carbons (C20); sesterterpenes, 
including twenty-five carbons (C25); triterpenes, including thirty carbons (C30) 
and polyterpenes, including above thirty carbons (>C30). It is known that some sea-
weeds contains terpenes. Chlorophyceae is one of them. It contains cyclic and linear 
sesqui-, di-, and triterpenes. The other one is Rhodophyceae and contains high 
structural diversity of halogenated secondary metabolites whose polyhalogenated 
monoterpenes show a variety of antibacterial properties (Perez et al., 2016; [68]).

3. Conclusion

In recent decades, seaweed was thought as an abundant and renewable natural 
resource. Especially, edible seaweeds are rich in polysaccharides, unsaturated fatty 
acids, protein composition, vitamins, and minerals, as well as natural bioactive 
compounds such as alkaloids. Their main component, polysaccharides may vary 

Figure 11. 
Indolines 8–24, including indolenine (13), isolated from F. foliacea (adapted from [66]).
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of marine alkaloids, further research and study successfully separated sufficient 
amount of pure organic derivatives for biological testing [66].

2.3 Terpenes

Terpenes known as main algae metabolites, have chemical structure including 
five-carbon precursor. They are classified into, hemiterpenes, including five car-
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fifteen carbons (C15); diterpenes, including twenty carbons (C20); sesterterpenes, 
including twenty-five carbons (C25); triterpenes, including thirty carbons (C30) 
and polyterpenes, including above thirty carbons (>C30). It is known that some sea-
weeds contains terpenes. Chlorophyceae is one of them. It contains cyclic and linear 
sesqui-, di-, and triterpenes. The other one is Rhodophyceae and contains high 
structural diversity of halogenated secondary metabolites whose polyhalogenated 
monoterpenes show a variety of antibacterial properties (Perez et al., 2016; [68]).

3. Conclusion

In recent decades, seaweed was thought as an abundant and renewable natural 
resource. Especially, edible seaweeds are rich in polysaccharides, unsaturated fatty 
acids, protein composition, vitamins, and minerals, as well as natural bioactive 
compounds such as alkaloids. Their main component, polysaccharides may vary 

Figure 11. 
Indolines 8–24, including indolenine (13), isolated from F. foliacea (adapted from [66]).
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