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Series Preface

This is the fourth volume of the series Sustainability in Plant and Crop Protection. 
It assembles the proceedings of the third annual meeting of the COST Action 
FP1305 “Biolink” (www.bio-link.eu), held in Rome on 17–19 November, 2015, and 
kindly funded by the EU Commission. The Action, titled Linking Belowground 
Biodiversity and Ecosystem Function in European Forests, aims at unraveling the 
complexity of the hidden side of forests and tree crops, focusing on how soil biodi-
versity affects ecosystem behavior and productivity. The contribution of biodiver-
sity to aboveground resilience is indeed a topic at the leading edge in soil ecology, 
central to the Action, and attracting the interest of many scientists at the EU and 
international levels.

The volume considers various aspects of biodiversity management, with chapters 
including reviews or results of experimental assays, with description of related 
methods, technologies, and advanced approaches. It has been produced thanks to 
the valuable efforts of the editors, Martin Lukac, Mauro Gamboni, and, in particu-
lar, Paola Grenni. They all are acknowledged for this initiative, together with all the 
contributing authors.

Biodiversity conservation is a requisite for any sustainable management 
approach, both in natural and cultivated ecosystems. In this view, the richness of 
species present in a given space or environment represents a natural resource, whose 
irreversible loss may induce severe structural changes and also economically sig-
nificant consequences. Many ecosystem services are in fact underpinned by the 
belowground species composition and diversity, as well as by the complex web of 
interactions that characterize their relationships. Challenging tasks include the con-
servation of services such as the management of pests, either native or invasive, the 
availability of nutrients and their recycling, or the exploitation of the numerous 
links that evolved among symbionts, endophytes, and their hosts.

The changes induced by man in the last century, first of all deforestation, modi-
fied the natural landscapes, with severe effects on the global scale. Only a few 
regions in the world may in fact be still considered as close to their pristine condi-
tions. These issues are particularly important today due to the accelerating 
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 deterioration of the aboveground environments and to the losses of functions and 
services eventually provided.

Although belowground diversity is considered as less exposed to deterioration, 
thanks to the presence of redundant functional groups, mechanisms related to their 
persistence, loss, or conservation need to be elucidated at different scales. Studies 
dealing with the complexity of these issues are, therefore, welcome, to be added to 
the progress which has been already achieved. Many of the researchers involved in 
this volume have a long-term experience in field work, deploying innovative and 
advanced research approaches. It is hence with interest that the reader may look at 
the informations herein provided, which are flanked by rich bibliographies.

It is desirable that further studies could deepen in the future our knowledge about 
specific functions and services produced by soil microbial communities. These data 
will provide us a clearer insight on the huge complexity of underground food webs 
and on their role in sustaining the health of plants, their productivity, and, ulti-
mately, our societies.

Bari, Italy Aurelio Ciancio  
(SUPP Series Editor)

Series Preface
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Editors’ Preface

Forests, and all other types of tree-dominated ecosystems, are of immense impor-
tance to both society and the environment, providing a range of products and eco-
system services. Over two-thirds of the world’s terrestrial biodiversity occur in 
forests. Trees provide in fact habitats hosting numerous groups of organisms, each 
performing a function essential to the survival of the ecosystem. At the first Earth 
Summit, more than 25 years ago now, an overwhelming majority of nations agreed 
that humanity is dismantling earth’s ecosystems and eliminating functional and 
genetic diversity contained within them. The intervening period has seen the rise of 
a great interest in answering the question of how the loss of biodiversity will affect 
ecosystems’ functioning and ultimately their survival. Past research has shown that 
organisms can influence the physical formation of habitats, the fluxes of elements in 
biogeochemical cycles and the productivity of ecosystems. Such research resulted 
in the current awareness that loss of certain life forms can substantially alter the 
structure and functionality of whole ecosystems. Forests offer a stark example, as 
any simplification of tree species diversity or indeed a complete replacement of 
existing tree species by plantations alters productivity, resource utilisation effi-
ciency, stability and the capacity to self-regulate. Many of these functions and ser-
vices, including those currently unknown to humanity, are currently threatened by 
climate change.

Our understanding of biological diversity and of its functions, especially below-
ground, is currently limited. We understand that high biodiversity, whether genetic 
or functional, usually provides for high resource use efficiency and, by extension, 
for optimal ecosystem service delivery. We know that maintaining multiple ecosys-
tem processes, at multiple places and times, requires higher levels of biodiversity 
than does needed by a single process, at a single place and time. We are also aware 
that functional diversity can enhance ecosystem stability and service delivery. There 
is an urgent need to connect existing knowledge of aboveground diversity and the 
rapidly developing understanding of the functionality of its belowground counter-
part, to fully explain the connection between diversity, stability and function.

This volume provides an overview of some of the most recent developments in 
understanding the contribution of soil biodiversity to ecosystem function. The 
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 findings and methodologies presented in individual chapters present a window into 
the largely invisible world of soil-dwelling organisms. Their biodiversity and the 
range of functions they provide will be affected by environmental changes in the 
near future – likely agents including climatic change, nitrogen deposition or spread 
of invasive species. This volume aims to showcase to current knowledge of below-
ground diversity and thus contribute to our effort to preserve biodiversity in all of its 
forms.

Reading, UK Martin Lukac
Rome, Italy Mauro Gamboni
Rome, Italy Paola Grenni

Editors’ Preface
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Chapter 1
Introduction: The Role of Soil Biodiversity 
in Ecosystem Productivity and Resilience

Martin Lukac

Abstract Biodiversity, both above- and belowground, is positively linked with 
ecosystem productivity and stability. The relationship between biodiversity and 
ecosystem function is far better researched and understood for the aboveground part 
of terrestrial ecosystems. Nevertheless, recent developments of research methods 
and an increased effort aimed at understanding the contribution of belowground 
biodiversity indicate that it is at least as important as that of the visible part. 
Belowground ecosystem function is generated by an interaction between abiotic 
and biotic parts of the soil, both characterized by intricate and dynamic structure 
with specific spatial, temporal and organizational patterns. Reductionist experimen-
tation and recent development of models which include soil biota and a representa-
tion of its diversity are starting to uncover the relationships and interactions between 
individual parts of the soil ecosystem, however understanding of the functionality of 
the whole system will remain a challenge for some time.

Keywords  Soil biodiversity • Biodiversity loss • Ecosystem function

Aboveground, sustained research effort has shown that biodiversity – whether that 
of species, guilds, functional traits or even genes – has a strong and positive rela-
tionship with ecosystem productivity (Worm and Duffy 2003). Conversely, recent 
and accelerating loss of biodiversity may be linked to a reduction of ecosystem 
functions, stability, resilience and productivity (Cardinale et al. 2012). Past decades 
have witnessed an explosion of experimental and theoretical research effort aimed 
at understanding the role of biodiversity  in  the myriad of ecosystems on Earth. 
Due to the obvious advantage of being able to see it, the vast majority of studies and 
conceptual developments in terrestrial systems have focused on the aboveground 
part. Repeated and replicated manipulation experiments, sometimes surging ahead 
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of theory development, have shown that ecosystem function and biodiversity are 
intrinsically linked – at least aboveground (Grime 1997; Oliver et al. 2015; Schulze 
and Mooney 1994). Our understanding of the contribution of belowground biodi-
versity to overall ecosystem function is some way behind, despite the implied func-
tional connection between the two parts. This lack of knowledge limits our ability 
to harness the ability of belowground biodiversity to deliver functions in the here- 
and- now and to predict its capacity to continue delivering in the future (Bardgett 
and van der Putten 2014).

Soil is the largest reservoir of biodiversity on Earth, one gram of soil has been 
shown to contain over 1 billion individual bacterial cells representing a large com-
munity of tens of thousands of species (Decaëns 2010), many of which are com-
pletely unknown at present and may fulfil a function we are not aware of yet. Soil 
biodiversity does not however include only bacteria, there are fungi, nematodes, 
earthworms, arthropods and even mammals who complete at least part of their life 
cycle in the soil and thus contribute to the overall biodiversity to be found in soils. 
One thing all of these life forms have in common is the fact that they all depend on 
aboveground primary production as their ultimate source of energy (Wardle et al. 
2004). Organic matter rich in carbohydrates is either deposited on the soil surface or 
released into the soil profile from live and dead plant roots, to be utilised by a long 
chain of soil-dwelling organisms. This, together with the seasonal nature of organic 
matter input, leads to spatial, temporal and hierarchical arrangement of soil biodi-
versity. Correct understanding of the contribution of soil biodiversity to soil func-
tion thus implies knowledge of the input of each species, its variation in space and 
in time and the interactions between species and communities of organisms.

Recent developments and decreasing cost of molecular methods have led to the 
creation of reasonable evidence on the level of species diversity present in many 
soils on Earth, together with the identification and description of species performing 
key functions in soils. Long-standing assumptions guiding our approach to spatial 
distribution of soil biodiversity at global or biome scales have been challenged, it is 
now clear that soil organisms are spatially distributed and do not have the capacity 
to inhabit any soil (Callaway and Maron 2006). Global distribution of soil-dwelling 
species is restricted, probably by a combination of climatic, soil and plant composi-
tion factors (Öpik et al. 2006; Tedersoo et al. 2012). Spatial distribution of soil bio-
diversity is clearly linked to organism size, which ranges from single micrometres 
for bacteria, to tens of centimetres for earthworms, to several hectares for some soil 
fungi. At the smallest scale, the distribution of soil biota is governed by soil struc-
ture which determines resource availability (Elliott 1986; Rasche et al. 2011). Biotic 
interactions, such as competition and predation, root exudation by plants, soil turba-
tion by larger organisms also play part, mainly by affecting chemical composition 
of soil solution and thus supporting or hindering growth of microbial populations 
(Langenheder and Prosser 2008; Stark and Firestone 1995). At centimetre to metre 
scale, diversity of soil biota is affected by local variation of soil conditions such as 
texture, organic matter content and water holding capacity, but also by the composi-
tion of plant community growing in the soil (Wardle et  al. 2004). The latter 
 determines the type and the timing of organic matter input to the soil, thus providing 
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a clear indication of the close relationship between above- and belowground biodi-
versity. Finally, at ecosystem level, spatial patterns of soil biodiversity are governed 
by topography and related climatic factors, disturbance regime and landscape con-
nectivity (Fierer and Jackson 2006; Reinhart and Callaway 2006). As a result, spa-
tial distribution of soil biodiversity is fragmented and its description is very much 
dependent on the body size of the organism under consideration.

Similar to factors affecting spatial distribution, temporal changes in the diversity 
of soil organisms are very much dependent on the size of the organism in question. 
Population size of species with the smallest body size tends to be governed by min-
ute availability of resources. An increase of water content in dry soil or a nutrient 
availability pulse can cause rapid microbial response (Austin et al. 2004), usually 
driven by fast multiplication and followed by an increase in population size. Nutrient 
pulses may be biotic or abiotic in their nature, root exudation by plants has been 
shown to trigger growth of specific groups of microorganisms at the expense of oth-
ers (Bais et al. 2006; el Zahar Haichar et al. 2008) – a clear example of an interac-
tion between above- and belowground diversity. Temporal changes in microbial 
community composition at the smallest scale can take minutes to hours and are 
usually accompanied by a rapid change of the dominant function performed by 
microbes at their location. Fluctuation of resource availability over seasons or years 
affects soil biodiversity at all levels (Lauber et  al. 2013), mainly because all are 
dependent on aboveground productivity as their energy source – aboveground sea-
sonality must be reflected belowground. At present, we have a very fragmented 
picture of this relationship, there is some evidence that microbial communities 
undergo a complete turnover from winter to summer (Hamel et al. 2006), are dif-
ferentially affected by seasonal resource availability and that changes in plant com-
munity exert strong influence over the composition of soil biota. At the largest 
temporal scale – and the one least supported by evidence at present – there is indica-
tion that specific communities inhabit soils at different stages of natural succession 
or post-disturbance recovery (Neutel et al. 2002).

Vast numbers on individuals, a large span of body size of various species and 
often very tight specialisation in the food source or life strategy of soil biota gives 
rise to very complex hierarchical arrangement of communities within the soil. The 
simplest soil food-webs may consist of heterotrophic, nitrogen-fixing and autotro-
phic photosynthesising bacteria, with little reliance on plant productivity (Mikola 
and Setälä 1998). However, with any increase of aboveground productivity comes 
an influx of different soil-inhabiting life forms which self-organise into communi-
ties performing a variety of functions such as organic matter fragmentation, element 
cycling or water uptake. Over time, and in absence of disturbance, such communi-
ties become more and more complex by increasing food-chain length, accumulating 
larger levels of biodiversity and attaining higher level of stability (Neutel et  al. 
2007; Rooney et al. 2006). The mechanics of the relationship between complexity 
and stability of function of soil biological communities is not clear, however it is 
becoming evident that soil biodiversity might have direct implications for ecosys-
tem stability, for example under environmental change (Isbell et al. 2015). Much is 
known about specific functions performed by specific groups of organisms, our 
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knowledge of how widely are functions distributes among species within those 
groups is far from complete. Thus, it is difficult to assign an estimate of redundancy 
to any given species within a community – changes in species composition may or 
may not translate to changes in function (Strickland et al. 2009).

Humanity’s need to preserve ecosystem productivity and resilience thus brings 
us to the issue of preserving soil biodiversity. Human land-use invariably introduces 
some level of soil disturbance, which usually interferes with soil biota and the pro-
cesses it supports (Altieri 1999). One of the most striking effects of human land-use 
is simplification of soil biological communities and thus a decrease in soil biodiver-
sity (Giller et al. 1997). The proportion of organisms with small body size expands 
at the expense of larger species as the latter tend to be severely affected by repeated 
soil disturbance (Wagg et  al. 2014). It is also thought that modern soil working 
practices result in soils with fewer functional groups (Tsiafouli et al. 2015), presum-
ably leading to a reduction in the capacity of soils to perform all of their functions. 
Processes such as carbon cycling, nitrogen fixation and cycling or phosphorus min-
ing are impaired as soil biodiversity underpinning each and every function is 
reduced. It is, of course, possible to maintain acceptable level of aboveground eco-
system productivity by substituting some soil functions by addition of industrially 
produced nutrients (Vitousek et al. 1997), a practice that has been shown to lead to 
further erosion of soil biodiversity (Bai et al. 2010; Eisenhauer et al. 2012). The 
reverse side of this coin is the potential reduction in the resilience of soil biota in 
terms of supporting soil functions under changing environmental conditions (Folke 
et al. 2004). Less diverse communities will contain fewer redundant species which 
may have the capacity to sustain soil functions under a new set of conditions. Even 
when starting from a position where a single 3-dimentional soil profile may contain 
more biodiversity than the entire aboveground ecosystem (Myers et al. 2000), grad-
ual and continuing reduction of soil biodiversity may lead to eventual loss of 
function.

This volume explores various strands of current research to illustrate the rela-
tionship between above- and belowground biodiversity, the role of the latter in eco-
system productivity and stability and the potential role of soil biodiversity in 
building resilience to environmental change. We explore how soil biota and its inter-
actions contribute to ecosystem service delivery, including element and nutrient 
cycling within tree dominated ecosystems. We look at how soil management can be 
improved to benefit soil biota, and look at some of the latest methods used to uncover 
the contribution of soil biodiversity to ecosystem function.

Soils have been widely studied and classified in terms of their physical and 
chemical characteristics, however knowledge of soil biodiversity and its contribu-
tion to a wide range of ecosystem services derived from a variety of natural and 
managed ecosystems is still incomplete (Chap. 2). At the global scale, one of the 
key soil ecosystem services is carbon storage, there is some suggestion that soil 
biodiversity plays a key role in determining the amount of carbon in the soil. The 
evidence of this however is scant and one of the ways to address it is by the applica-
tion of biodiversity to dynamic models (Chap. 16). Microbial communities are 
responsible for half of CO2 emissions from terrestrial ecosystems, as well as many 
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other functions essential for optimal functioning of terrestrial systems. Soil biota 
clearly has an effect on cycling and bioavailability of soil nutrients, including Ca. 
In an approach alternative to the accepted view, we introduce a new ‘rhizo-centric’ 
point of view where non-photosynthetic partners could be the dominant members 
(Chap. 4). Functional genetics can be used to explore the mechanistic link between 
tree species effects on soil microbes and the nitrogen cycling processes regulated by 
those microbes is discussed in Chap. 13, showing that the genetic potential for deni-
trification was strongly influenced by the abundance of ammonia oxidization poten-
tial within forest floors. Liming and wood ash effects on ectomycorrhizal fungal 
abundance are discussed in Chap. 14, with specific focus on diversity and commu-
nity composition.

The understanding of soil biodiversity at various levels of organisation is critical 
to our ability to maintain the rage of ecosystem services delivered by soils. Lately, 
we have witnessed a rapid development of methods used to describe and to study 
soil biota. At the microscopic level, soil microbial community represents the biggest 
part of existing biodiversity, but it is still largely undiscovered. The use and integra-
tion of molecular methods makes it possible to improve knowledge about it. In this 
context, the application to soil samples of two different molecular phylogenetic 
techniques,  such  as  FISH  (Fluorescence  In  Situ  Hybridization)  and  DGGE 
(Denaturing Gradient Gel Electrophoresis) is illustrated (Chap. 3). Next Generation 
Sequencing was used to show that samples from cultivated soils under olives and 
vegetables had higher frequencies (5-10%) of Bacillales, which were under- 
represented in the adjacent Mediterranean forest (Chap. 6). Chapter 11 illustrates 
the use of the intact core ‘baiting’ method to facilitate the study of natural fungal 
communities to experimentally uncover the functioning of ecologically-relevant 
fungal communities. β-glucosidase activity was used to assess the effects of Scots 
pine (Pinus sylvestris) and pedunculate oak (Quercus robur) on selected biochemi-
cal properties, physical and chemical characteristics of soil (Chap. 15). Finally, fila-
mentous fungi are the producers of many secondary metabolites with wide spectra 
of biological effects. Among these, peptaibols represent a group of compounds pro-
duced mainly by members of genus Trichoderma and can thus be used to track their 
activity (Chap. 17).

Agricultural soil management practices clearly influence soil microbial com-
munity structure and function. A holistic approach taking into consideration all 
potential factors and drivers is thus necessary when examining the structure–func-
tion relationships of soil microbial communities to improve understandings of con-
trols and functioning of below-ground processes (Chap. 3). Some soil-borne 
phytopathological agents (for instance fungus Verticillium dahliae Kleb.) are very 
difficult to control by methods alternative to those based on chemical products, 
biological control utilising soil biota and its diversity emerges as one of the most 
promising alternatives (Chap. 7). Aside from biological interactions, effects of 
biotic stress on soil fungal communities are largely unknown. In Chap. 8 we review 
existing information on the effects of drought episodes on mycorrhizal communities 
and associated ecosystem response. Due to the difficulty with remediation of sites 
characterized by multiple pollutants (e.g. organic and inorganic toxic compounds), 
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the study of plant-microbial interactions is presented as a new and interesting chal-
lenge to discover more sustainability soil recovery strategies (Chap. 18). The occur-
rence of slowly desorbing fractions of hydrophobic pollutants, such as polycyclic 
aromatic hydrocarbons (PAHs), is well explained today by environmental organic 
chemistry. However, the microbial and plant interactions with such residues are less 
understood and are examined in Chap. 19.

Finally, the last thematic area covered in the volume concerns biotic interac-
tions between various members of soil biological communities. Endophytes have 
an exciting potential to shape the biotic and abiotic stress tolerance in host plants. 
The abundance of ectomycorrhizal (EM) species in different pure beech and beech 
dominated stands across Central Europe is described in Chap. 8, while the response 
of AM fungal communities to a selection of permanent environment disturbances is 
dealt with in Chap. 9. To close, Chap. 20 provides an overview of various below-
ground community studies and their effect on the management of tree crops, identi-
fying main drivers and services underpinning the implementation of sustainable 
strategies.
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Chapter 2
Ecosystem Services Provided By Soil 
Microorganisms

Maria Ludovica Saccá, Anna Barra Caracciolo, Martina Di Lenola, 
and Paola Grenni

Abstract Ecosystem services are the contributions that ecosystems provide to 
human well-being. They arise from the interaction of biotic and abiotic processes, 
and refer specifically to the ‘final’ outputs or products from ecological systems. Soil 
harbours a large proportion of Earth's biodiversity, and provides the physical 
 substrate for most human activities. Although soils have been widely studied and 
classified in terms of physical and chemical characteristics, knowledge of soil bio-
diversity and functioning are still incomplete. Soil organisms are extremely diverse 
and contribute to a wide range of ecosystem services that are essential to the sustain-
able functioning of natural and managed ecosystems. Microbial communities 
(mainly composed by Bacteria, Archaea and microfungi) are vital to soil ecosystem 
functioning. This is because they exist in enormous numbers and have an immense 
cumulative mass and activity. Most of the phenomena observed in the visible 
aboveground world are steered directly or indirectly by species, interactions, or pro-
cesses in the belowground soil. In particular, being microbial communities involved 
in nutrient cycling and organic matter degradation, they can affect biodiversity and 
productivity of aboveground ecosystems. Microorganisms can have stimulating or 
inhibiting effects on plants by the release of metabolites with a varying range of 
activities. Microbial communities are the main responsible of soil homeostatic 
capabilities removing contaminants and providing key ecosystem regulating and 
supporting services such as soil fertility, resilience and resistance to different stress. 
This chapter aims at describing the contributions provided by soil microbial com-
munities to different ecosystem services and their potential use as indicators of eco-
system functioning. Understanding ecosystem functioning and predicting responses 
to global changes calls for much better knowledge than we have today about micro-
bial processes and interactions, including those with plants in the rhizosphere.
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2.1  Introduction

Knowledge of soil complexity has enormously increased over the past 50 years. It is 
nowadays recognized that a series of drivers of global soil change, such as human 
population growth and urbanization, marketing land and climate change, have 
resulted in changes in soil health status, causing a diminished capacity of this eco-
system to provide goods and services for its beneficiaries (FAO and ITPS 2015). Soil 
preservation from multiple causes of degradation (erosion, salinization, compaction, 
sealing, landslides of soil and rock material, organic matter decline and local and 
diffuse contamination) is therefore receiving attention not only for an increased con-
sideration of environmental issues, but also for an increased awareness of the eco-
nomic value of soil functions. As defined by the Corine Land Cover classification, 
terrestrial ecosystems include urban systems, cropland, grassland, woodland and 
forest, heathland and shrub, sparsely vegetated land and wetlands (Maes 2013).

The extreme physico-chemical heterogeneity of soil can be translated in an 
extremely high heterogeneity of habitats. A single gram of soil can harbour up to 1010 
bacterial cells and an estimated species diversity up to the order of 104 species (Roesch 
et al. 2007). High biodiversity reflects a wide spectrum of functional roles (Wagg et al. 
2014) and soil organisms can be divided into three main broad functional groups (Turbé 
et al. 2010): chemical engineers, biological regulators and ecosystem engineers.

Chemical Engineers (mainly bacteria and fungi) are responsible for organic mat-
ter (OM) decomposition and cycling of readily available nutrients for plants, regu-
lating 90% of energy flux. They play a key role in soil bioremediation, by degrading 
toxic chemicals through metabolic and co-metabolic pathways.

Biological regulators are responsible for population dynamic, regulation of plants, 
invertebrates and microorganisms through grazing, predation or parasitism. They com-
prise principally small invertebrates like nematodes, pot worms, springtails and mites.

Ecosystem engineers are responsible for physical modification of soil and regulat-
ing the availability of resources to other species, maintaining soil structure by the 
formation of pore networks and bio-structures, and particle aggregation or trans-
port. They indirectly regulate resources availability for other soil organisms since 
soil structures become hotspots of microbial activities and affect water infiltration 
and distribution in soil. This group includes mainly earthworms, ants, termites and 
some small mammals.

Microbial communities have a key role as chemical engineers, and they can act 
as biological regulators and ecosystem engineers. The term microorganism gener-
ally denotes members of the Bacteria and Archaea kingdoms (Fig. 2.1), as well as 
microscopic Eukarya such as unicellular algae, fungi and Protists.

M.L. Saccá et al.
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A recent microbial census found that among bacterial and archaeal sequences, 
soil is the fourth most characterized category, after host-associated, aquatic, and 
built environment sources (Schloss et al. 2016). This surprising data indicate that 
today’s technologies should be maximally exploited to reach a profound under-
standing of microbial soil biodiversity (Amann and Rosselló-Móra 2016). Bacterial 
biomass is particularly impressive in soil, with up to 1–2 t/ha in temperate grass-
lands (Orgiazzi et al. 2016). Soil is estimated to contain about 1000 Gbp of micro-
bial genome sequences per gram (Vogel et al. 2009). Microbial abundance in the 
rhizosphere is at least three orders of magnitude higher than in bulk soil (Reinhold- 
Hurek et al. 2015; Thijs et al. 2016). This increase in microbial activity, known as 
‘rhizosphere effect’, is due to the fact that bacteria, fungi, oomycetes, viruses and 
archaea feed on rhizodeposits that include nutrients, exudates, border cells and 
mucilage released by plant roots (Philippot et al. 2013). On the other side, it is rec-
ognized that plant nutrition is significantly influenced by rhizosphere microbial 
composition (Hartmann et al. 2008).

Even though the ability to explore complex environmental microbial communi-
ties has been rapidly increasing in the past few years, the relationship between soil 
biodiversity and functioning is not yet fully understood and many questions are still 
open (Graham et al. 2016; Widder et al. 2016).

Ecosystem services represent the benefits human populations derive, directly or 
 indirectly, from ecosystem functions, including both goods and services. One of the first 
categorizations of ecosystem services brings us to the late 90’s, when Costanza and 
colleagues estimated in economic terms their global value as twice the value of the gross 
national product of the whole world (Costanza et al. 1997). In 2000, the Millennium 
Ecosystem Assessment (MEA 2005) was the first large scale ecosystem assessment 
report to evaluate the consequences of ecosystem change for human well-being and the 
scientific basis for action to enhance the conservation and sustainable use of those sys-
tems. MEA report identified four main categories of ecosystem services: regulating, 
supporting, provisioning and cultural services. Other classifications have been proposed 

Fig. 2.1 Visualization 
under an epifluorescence 
microscope of soil 
microbial populations 
(1000×). Microbial cells 
are coloured in blue by 
DAPI stain, and soil 
particles are in yellow
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for global (Fisher et  al. 2010; Maes 2013; Haines-Young 2016) and soil ecosystem 
services (Dominati et al. 2010; Aislabie and Deslippe 2013), all including provisioning 
and regulating services. Supporting services originally defined in the MEA report and 
in Turbé et al. (2010) have been omitted by other classifications (Fisher et al. 2010; 
Maes 2013), because considered as a subset of ecological processes.

Belowground microbial communities have a key role in the categories of regulat-
ing and supporting services of soil ecosystems, and they contribute to several provi-
sioning services (Fig. 2.2).

2.2  Regulating Services

Regulating services provided by belowground microorganisms mainly include the 
ecosystem processes ensuring climate regulation, water regulation and purification, 
disease and pest regulation and bioremediation of organic pollutants.

Climate Regulation is one of the most important ecosystem services provided by 
soil microorganisms, since bacteria and fungi play a key role in land–atmosphere 
carbon (C) exchange. The climate regulating function of soils highly depends on 
land use and intensification, that are shown to have profound impacts on soil capac-
ity to store C and on its emissions (Bailey et al. 2002; Fisher et al. 2010), implicat-
ing potential economic and ecological consequences (Lal 2004). On the other hand, 

Fig. 2.2 Main regulating, supporting and provisioning ecosystem services provided by soil micro-
bial communities
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a positive feedback on climate change is created by the temperature-induced accel-
eration of the rates of heterotrophic microbial activity (Bardgett et al. 2008). The 
latest Intergovernmental Panel on Climate Change (IPCC) Report states that contin-
ued high emissions would lead to mostly negative impacts for ecosystem services 
(IPCC 2014). Bacterial community structure would be affected by elevated CO2 
more than fungal and nematode communities, and responses may depend on plant 
type and soil nutrient availability (Drigo et al. 2007).

Water Regulation and Purification Soil acts as a water filter and reservoir, puri-
fying water as it passes through the soil substrate and providing water storage also 
for plant uptake (Walthall et al. 2012). A recent study has calculated that the actual 
ecosystem service of water purification in Europe is worth €16 billion per year (La 
Notte et  al. 2017). The role of microorganisms in the purification of water, as it 
passes through soil, is mainly due to their capacity to degrade various contaminants. 
As an example, an herbicide-degrading bacterium, Rhodococcus wratislaviensis, 
was detected both in soil and groundwater samples of a terbuthylazine- contaminated 
aquifer, suggesting its detoxification potential of contaminated soil-water systems 
(Grenni et al. 2009a). Furthermore, soil microorganisms can have indirect effects on 
water infiltration rates by modifying the quantity and quality of soil organic matter 
(Turbé et al. 2010).

Disease and Pest Regulation Microorganisms can control directly or indirectly 
pathogen diseases through a number of different mechanisms. Antagonism, compe-
tition, interference with pathogen signalling or stimulation of host plant defences 
have been proved in a wide diversity of soil bacterial (i.e. Streptomyces, 
Pseudomonas, Bacillus) and fungal (i.e. Trichoderma, Fusarium) species 
(Raaijmakers et al. 1997; Haas and Defago 2005; Cawoy et al. 2011; Palaniyandi 
et al. 2013; Ciancio et al. 2016).

Resistance to invasion by alien species is another major life support function 
provided by biologically diverse terrestrial microbial ecosystems, as compared to 
more simple ones (van Elsas et al. 2012). Under non-stress conditions, community 
evenness determines resistance to be invaded and preserves ecosystem functionality 
(De Roy et al. 2013).

Knowledge of the potentialities of beneficial organisms bearing ecosystem ser-
vices can be exploited as a valid alternative to the use of agrochemicals, for a sus-
tainable agriculture, but still many inconsistencies are observed when biological 
control agents are released under field conditions, especially when used for control-
ling woody plant diseases (Cazorla and Mercado-Blanco 2016).

Enhancement of ecosystem services associated both with organic matter decom-
position and with the reduction of soil borne pathogens can be obtained using 
organic amendments. Pathogen suppressive composts have been used to control 
plant diseases through microbiota modification (Bonilla et  al. 2012; Vida et  al. 
2016; Blaya et al. 2016), by enhancing soil suppressiveness, which is the natural 
capacity of a soil to suppress the development of a disease (Mazzola 2002). The 
most dynamic bacteria associated with disease suppression belong to γ-, 
β-Proteobacteria (Pseudomonadaceae, Burkholderiaceae, Xanthomonadales) and 
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Firmicutes (van Bruggen and Semenov 2000; Weller et  al. 2002; Mendes et  al. 
2011), whilst Ascomycota phylum is considered the most active among fungi (Vida 
et al. 2016; Blaya et al. 2016).

It is interesting to note that a questionnaire on land user’s awareness of ecosys-
tem services in arable farms has shown that, among a number of selected services 
(i.e. water and nutrient retention and release, climate functions, natural attenuation), 
natural disease suppression was considered the most important ecosystem service 
(Rutgers et al. 2012).

Biodegradation of Organic Waste and Xenobiotics Soil contamination is one of 
the major threats to soil functions (CEC 2006). Main sources of soil contamination 
are inadequate and uncontrolled waste disposal, industrial and mining activities, 
spills, military and nuclear operations, agricultural practices. Natural attenuation of 
contaminants includes a variety of physico-chemical (e.g. dispersion, dilution, 
adsorption, and volatilization) and biological (transformation, mineralization, stabi-
lization etc.) processes that under favourable conditions, act without human inter-
vention, to reduce the mass, toxicity, mobility, volume or concentration of 
contaminants (US EPA 1999). The evaluation of microbial potential to degrade a 
wide range of pollutants in soil ecosystems can be tested in microcosm studies 
(Barra Caracciolo et al. 2013) as well as in field (Franchi et al. 2016). A chemical 
can be used in microbial metabolism as a source of energy, C, N or other nutrients 
or it can be transformed by constitutive microbial enzymes or cofactors 
(co-metabolism).

Acting as a selective force, exposure to a contaminant can promote the develop-
ment of adapted microbial populations, that may exhibit increased tolerance and/or 
degrading capacity (Boivin et al. 2002). This latter possibility reflects the homeo-
static capacity of natural microbial communities (Fig. 2.3).

Indeed, many laboratory studies have successfully identified specific bacterial 
strains able to transform contaminants (Grenni et al. 2009a; Franchi et al. 2016). 
However, the complete removal of a pollutant is often mediated by microbial con-
sortia that conjunctly operate in degradation pathways (Barra Caracciolo et al. 2007; 
Pino and Peñuela 2011; Franchi et al. 2016). Moreover, soil contamination can be 
due to a mixture of contaminants as in the case of polychlorinated biphenyls (PCBs) 
and consequently their degradation is a very complex issue. It requires several 
microbial species performing different degradation pathways both in anaerobic and 
aerobic conditions (Ancona et al. 2016).

Soil microbial components provide regulating services of soil remediation both 
in bulk soil (bioremediation) and in the rhizosphere (plant-assisted bioremediation). 
Microbial degradation of contaminants in soil can be stimulated by the addition of 
nutrients/amendments (Luo et al. 2008; Grenni et al. 2009b, 2012), the  augmentation 
of degrading microbes (Paul et al. 2006), or by promoting rhizosphere microbial 
degradation activity (Ancona et al. 2016; Franchi et al. 2016).

Environmental genomic approaches based on the identification of microbial spe-
cies and catabolic genes involved in xenobiotic degradation can lead to set up useful 
bioindicators (species) and biomarkers (genes) that can be used as monitoring tools 
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(Eyers et al. 2004). Examples of the use of functional biomarkers of soil catabolic 
potential to degrade contaminants have been reported for triazines (Fajardo et al. 
2012), phenoxyacetic acids (Dennis et  al. 2003; Baelum et  al. 2008), aromatic 
hydrocarbons (Gomes et al. 2005; Sipilä et al. 2008; Yagi et al. 2010; Franchi et al. 
2016) and PCBs (Fava et al. 2003; Kjellerup et al. 2012; Hashmi et al. 2016).

The value of the ecosystem service of natural attenuation of soil pollutants pro-
vided by belowground microorganisms increases if we consider its consequences 
on other ecosystem services such as primary production and water purification.

2.3  Supporting Services

Supporting services are those that underpin ecosystem functions, which are not 
directly used by humans. Examples of supporting services in which soil microbial 
communities are involved are mainly soil formation, nutrient cycling, water cycling, 
primary production and habitat for biodiversity.

Soil fertility, defined as the ability to support and sustain plant growth by ensur-
ing adequate storage of nutrients and recycling of organic matter (FAO and ITPS 
2015), is mediated by chemical engineers. This functional group includes bacterial 
and fungal species involved in the catabolic reactions leading to the breakdown, 
transformation and mineralization of C and nutrient cycling. Key processes of 
 element cycling are balanced by the property of microorganisms to maintain their 
biomass element ratio by the principle of stoichiometric homeostasis (Spohn 2016).

Soil microorganisms are recognized as drivers of plant diversity and productivity 
(van Der Heijden et al. 2008) and manipulation of soil communities through micro-
bial inoculation can be used for the restoration of degraded terrestrial ecosystems 
(Wubs et al. 2016). Plant productivity is stimulated through a wide range of micro-
bial mechanisms by a high portion of microbial diversity. A number of bacterial 

Fig. 2.3 Soil homeostasis 
is the capability to 
maintain an equilibrium 
between soil functions
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species are capable to produce organic compounds affecting the proliferation of 
plant root system. They include members of the Actinobacteria (i.e. Arthrobacter 
sp.), Proteobacteria (i.e. Pseudomonas sp., Agrobacterium sp.) and Firmicutes 
(Bacillus spp.) (Haas and Defago 2005; Doornbos et  al. 2011). The best-known 
symbiotic N-fixing bacteria are Rhizobium spp. (α-Proteobacteria) and Frankia sp. 
(Actinobacteria). Free-living bacteria, which significantly contribute to atmospheric 
N fixation, include ubiquitous species in terrestrial ecosystems, such as Azotobacter, 
Azospirillum, Bacillus, Klebsiella spp. and some Cyanobacteria species. Moreover, 
many bacterial species (Pseudomonads, Frankia and Streptomyces sp.) and fungi 
(Aspergillus spp.) have shown the ability to produce iron-chelating compounds 
increasing its availability for plants. Interesting potentialities in biofertilization and 
microbe-assisted phytoremediation of metal-contaminated soils have been found in 
siderophore producing Streptomyces species (Dimkpa et al. 2008). Microorganisms 
with phosphate-solubilizing capability have been described among bacteria (i.e. 
Agrobacterium sp., Bacillus sp. and Paenibacillus sp.) and fungi (i.e. Aspergillus sp. 
and Penicillium sp.).

Plant-rhizobacteria interactions can also alleviate abiotic stress such as drought, 
high soil salinity, extreme temperatures, nutrient deficiency and heavy metal toxic-
ity (Dimkpa et al. 2009). The isolation and characterization of salt- and drought- 
tolerant strains may be of high practical interest to overcome yield losses due to 
water scarcity worldwide (Ali et al. 2014; Forni et al. 2017).

2.4  Provisioning Services

Provisioning services include products obtained from ecosystems, such as food, 
water, fibre, fuel, genetic resources, chemicals, medicines and pharmaceuticals.

Rhizosphere microorganisms are an important bioresource for bioactive sub-
stances such as antibiotics, biosurfactants, enzymes and osmoprotective substances. 
Antibiotics produced by soil microorganisms may find new uses as experimental 
pharmaceuticals, offering a resource for compounds to deal with the rapid develop-
ment of multidrug-resistant human pathogenic bacteria (Compant et al. 2005). As 
an example, the METACONTROL project aimed at identifying the biotechnologi-
cal potential of antibiotic producing soil microbiota by examining the microbial 
metagenome of disease suppressive soils, where the prevalence of antibiotic biosyn-
thetic clusters is expected (van Elsas et al. 2008).

The multiple involvement of bacterial species in regulating, supporting and pro-
visioning services shows that many of these services cannot be categorized strictly 
(Fig. 2.4).

M.L. Saccá et al.
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2.5  Soil Microorganisms as Indicators

Various biological indicators for soil health have been proposed in the past decades 
(van Bruggen and Semenov 2000; Griffiths et al. 2001; Lavelle et al. 2006; Ritz 
et al. 2009; Floch et al. 2011; Griffiths et al. 2016). Potential biological indicators 
should be measurable, cost-effective, policy-relevant, sensitive to changes and fit 
for use (Griffiths et al. 2016). In this context, microbial responses deserve particular 
attention (van Bruggen and Semenov 2000). Indeed, soil microorganisms meet most 
criteria to be valuable indicators for soil quality: they have sensitive responses to 
land management and climate, show correlation with soil and ecosystem functions, 
illustrate the cause and effect chain that links land management decisions to plant 
health and productivity, are comprehensible and useful to land managers and easy 
and inexpensive to measure (Doran and Zeiss 2000; Bennett et al. 2010).

Ecosystem functions such as food and fibre production, environmental interac-
tions, supporting habitats and biodiversity have been used as indicators for monitor-
ing soil quality. Using a multi-tier approach, a set of genotypic, phenotypic or 
functional level bioindicators was selected, including soil microbial community 
structure and biomass, soil respiration, C cycling and biochemical processes (Ritz 
et al. 2009). Furthermore, a recent study performed using this approach, stated that 

Fig. 2.4 Examples of overlapping of ecosystem services provided by some of the most active 
bacterial taxa present in soil
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indicators for ecosystem functions related to the services of water regulation, C 
sequestration and nutrient provision would include microbial functional genes 
(Griffiths et al. 2016).

Currently soil microbial ecologists have availability of numerous biochemical 
and molecular methods for studying soil microbial diversity at different levels of 
detail (e.g. from a community fingerprint to species identification) and functioning 
(from overall enzymatic activities to specific functional gene identification). The 
importance of developing standard methods in soil microbiology to ensure compa-
rable data across studies has been repeatedly underlined (Fierer et  al. 2009;  
Philippot et al. 2012). A multiple polyphasic approach combining traditional culti-
vation methods with biochemical and molecular ones appears to be the best choice 
(Nardo et  al. 2005; Pulleman et  al. 2012). It has been recently recognized that 
although the -omics are unquestionably powerful approaches, a complete under-
standing of microbial processes cannot omit a combination with classic culture-
dependent methods (Marx 2017).

2.6  Conclusions

The role of soil microbial communities in plant growth and health is widely 
acknowledged, but ecosystem services related to this biotic portion of soil are often 
undervalued because considered distant from the market and uncertain. Terrestrial 
services alone account for 60% of the value of total global ecosystem services, nev-
ertheless a lack of understanding of the links between soil management, soil health 
and associated services and benefits, rarely leads to an establishment of soil man-
agement interventions for public benefits. Therefore, in order to reach an adequate 
protection goal of soil, a reliable environmental risk assessment should take into 
account also ecosystem services provided by microbial communities.
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Chapter 3
Comparison of Two Molecular Methods 
to Assess Soil Microbial Diversity

Martina Di Lenola, Paola Grenni, Diogo N. Proença, Paula V. Morais, 
and Anna Barra Caracciolo

Abstract Our knowledge of microbial soil biodiversity depends on the ability to 
combine different observation levels, ranging from the phenotypic to the molecular 
one, including direct visualization of microorganisms by using an epifluorescence 
microscope. Soil microbial communities, although still largely undiscovered, repre-
sent one of the biggest part of present biodiversity and play a key role in all soil 
processes. For example, microbial abundance, activity and composition largely 
determine the sustainable productivity of agricultural land or the degradation of 
organic pollutants. The diversity of microbial communities associated with plant 
roots is enormous, in the order of thousands of species. The simultaneous use of 
different molecular methods makes it possible to have a more holistic knowledge of 
the soil microbial community and to assess changes in it under different conditions. 
In this chapter we report the application to the same soil samples of two different 
phylogenetic molecular techniques, i.e. DGGE (Denaturing Gradient Gel 
Electrophoresis) and FISH (Fluorescence In Situ Hybridization). DGGE is a useful 
fingerprint technique of the overall microbial community based on amplification of 
16S rRNA. The FISH technique identify, without extracting nucleic acids, active 
microbial cells at different phylogenetic levels (from domains to species) under an 
epifluorescence microscope. An example of the application of both methodologies 
to assessing the microbial community composition of soil samples from a phyto- 
assisted bioremediation experiment of a contaminated soil by polychlorinated 
biphenyls (PCBs) is reported.
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3.1  Introduction

Soil is a very complex system comprising a variety of microhabitats with different 
physicochemical gradients and discontinuous environmental conditions. 
Microorganisms adapt to microhabitats and live together in consortia with sharp 
boundaries, interacting with each other and with other parts of the soil biota 
(Wolińska et al. 2016). Torsvik et al. (1990a, b) estimated that in 1 g of soil there are 
4,000 different bacterial ‘genomic units’ based on DNA–DNA re-association. Soil 
microorganisms are vital for the continued cycling of nutrients and for driving 
above-ground ecosystems (van der Heijden et al. 1998; Cairney 2000; Klironomos 
et al. 2000; Ovreas 2000). Soil biodiversity has been assumed to influence ecosys-
tem stability, productivity and resilience towards stress and disturbance. Microbiota 
can directly regulate the structure and functioning of aboveground individuals and 
communities, by stimulating or inhibiting certain plant species more than others 
(Berendsen et al. 2012). Alternatively, plants can regulate aboveground communi-
ties indirectly by altering the dynamics of nutrients available to microorganisms 
(Wardle et al. 2004; Purahong et al. 2016). These indirect effects tend to involve less 
specific interactions and occur over longer durations than the direct regulations.

Research on microbial diversity should include multiple methods integrating 
holistic measurements at the total community level and partial approaches targeting 
structural or functional subsets (Kozdrój and van Elsas 2001; Johnsen et al. 2001).

Although there are several methods for studying microbial diversity, including in 
situ activity measurements and the most recent ones such as high-throughput 
sequencing, DNA microarrays and functional genomics, which provide huge 
amounts of new data, the association between diversity and functioning is neverthe-
less still not well known.

Soil degradation can be defined as a change in the soil health status resulting in 
a diminished capacity of the ecosystem to provide goods and services for its benefi-
ciaries (Turbè et al. 2010; Tetteh 2015). Soil degradation is responsible for soil bio-
diversity loss and in turn for the disappearance of many ecosystem functions, thus 
altering plant productivity, soil resilience and resistance capacity. Anthropogenic 
pressures such as chemical pollution and agriculture practices can adversely affect 
microbial diversity and consequently above and belowground ecosystem function-
ing. Any loss in microbial diversity as a consequence of environmental changes is 
likely to alter the capacity of microbes to sustain multiple above- and belowground 
ecosystem functions (Delgado-Baquerizo et al. 2016).

Nucleic acid hybridization using specific oligonucleotide or polynucleotide 
probes, designed from known sequences ranging in specificity from domain to 
 species and tagged with markers at the 5′-end, are an important qualitative and 
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quantitative molecular microbial ecology tool for identifying microbial cells 
(Theron and Cloete 2000). The hybridization techniques can be performed either by 
using extracted DNA or RNA (PCR-based methods) or in situ (Fluorescence In Situ 
Hybridization). The latter provides valuable spatial distribution information on 
microorganisms in environmental samples.

The PCR method uses specific primers to amplify a DNA target sequence. 
Sequence variations in PCR fragments are detected either by a cloning/sequencing 
analysis, which produce a complete characterization of the fragments, or by an elec-
trophoretic analysis, which provides a visual separation of the mixture of fragments. 
This separation is based on sequence polymorphism, in Denaturing Gradient Gel 
Electrophoresis (DGGE) or length polymorphism, Terminal-Restriction Fragment 
Length Polymorphism (T-RFLP) and Automated Ribosomal Intergenic Spacer 
Analysis (ARISA). DGGE is frequently used in environmental studies (Ibekwe 
et al. 2001; Guo et al. 2009). Although PCR is a very reliable technique, it has some 
limitations. In fact, although it is a highly sensitive technique, any sample contami-
nation by even trace amounts of DNA can produce misleading results. Moreover, 
lysis efficiency of cells varies between and within microbial groups (Prosser 
2002). The ability to separate bacteria from soil aggregates is crucial when studying 
biodiversity (Barra Caracciolo et  al. 2005). For example, if the cell extraction 
method from particles used is too gentle, Gram-negative, but not Gram-positive 
bacterial cells are lysed. If the method is too harsh, both Gram-negative and Gram- 
positive cells are lysed but their DNA becomes sheared. The DNA extraction method 
used can also bias diversity studies. In fact, different methods of nucleic acid extrac-
tion result in different yields of nucleic acids product (von Wintzingerode et  al. 
1997). Moreover, with environmental samples such as soil, it is necessary to remove 
inhibitory substances such as humic acids, which can interfere with the PCR analy-
sis. Subsequent purification steps can lead to loss of DNA, again potentially biasing 
molecular diversity analysis (Kirk et al. 2004). Differential target gene amplifica-
tion can also bias PCR-based diversity studies. The DNA polymerase can be related 
to unspecific annealing of primers and to an incorrect nucleotide incorporation into 
the PCR sequence (Garibyan and Avashia 2013).

The use and combination of different molecular methods is necessary for under-
standing, in a complementary way, different aspects of the huge biodiversity in soil. 
In this chapter the analysis of PCB contaminated soil samples using two different 
phylogenetic molecular techniques, i.e. the PCR-based method, Denaturing Gradient 
Gel Electrophoresis (DGGE), and the epifluorescence microscope Fluorescence In 
Situ Hybridization (FISH) method, will be illustrated and discussed.

3.1.1  Denaturing Gradient Gel Electrophoreses

Denaturing Gradient Gel Electrophoresis (DGGE) is a well-known technique used 
in molecular microbial ecology for characterizing population structure and dynam-
ics. It is a very common and easy fingerprinting technique for the fast evaluation  
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of microbial genetic diversity (Bacteria and Archaea) in complex ecosystems such 
as soils, sediments, rivers, plants and biofilms (Ng et al. 2014; Proença 2014; Zhang 
et al. 2017).

PCR-DGGE analysis is a multi-step procedure that requires the total DNA 
extraction from a sample and PCR amplification with specific primers of particular 
DNA regions of taxonomic interest. The amplified product obtained is a mixture of 
amplicons from the species present in the initial sample which are separated on the 
basis of their sequence differences (DGGE) by gel electrophoresis; the patterns 
obtained are then analysed. It is a rapid and efficient separation technique of same 
length DNA sequences, which may vary as little as a single base pair modification. 
Separation is based on the decreased electrophoretic mobility of a partially melted 
double-stranded DNA molecule in polyacrylamide gels containing a linear gradient 
of DNA denaturants (a mixture of urea and formamide) or a linear temperature gra-
dient. Identification of the species can be achieved by purifying and sequencing the 
bands in the DGGE profile (Salles et al. 2004). Before the sequencing of the distinct 
bands, it is possible to visualize the band profiles of each sample, compare the simi-
larity in band composition between samples and thus analyse the changes occurring 
in the various microbial communities when undergoing different treatments or mod-
ifications (Fig. 3.1).

DGGE analyses separate double-stranded DNA fragments, produced via PCR 
amplification, which are identical in length, but differ in sequence. The technique 
mainly exploits the difference in stability of G-C pairing (3 hydrogen bonds per 
pairing) as opposed to A-T pairing (2 hydrogen bonds). A mixture of DNA frag-
ments of different sequences is electrophoresed in an acrylamide gel containing an 
increasing gradient of DNA denaturants. By adjusting the primers used for amplifi-
cation, both the major and minor constituents of microbial communities can be 
characterized. In general, DNA fragments richer in G-C content are more stable and 
remain double-stranded until reaching higher denaturant concentrations. Double- 
stranded DNA fragments migrate better in the acrylamide gel, while denatured 
DNA molecules in fact become larger (only attached to the GC clamp) and slow 
down and stop in the gel. In this way, DNA fragments of differing sequences can be 
separated in an acrylamide gel. The inclusion of DGGE markers on gel is necessary 
for comparing gels and for assessing gradient variations. Ideally, a marker should be 
chosen with a sufficient number of bands to span the entire gradient, since there is 
variation within a gradient.

It is possible to state qualitatively that two communities are different if the blur-
ring of bands looks different; however, the contrary may not be true. The number of 
bands observed in a profile does not exactly correspond to the number of populations 
in a community. Several studies found that treatments that selectively enriched spe-
cific populations resulted in community structure differences that were visible in the 
PCR-DGGE profiles (Nakatsu et al. 2005; Saeki and Toyota 2004). The interpreta-
tion of profiles needs caution because the disappearance of bands does not always 
correspond to the complete disappearance of a species from the community. In fact, 
it may only reflect a change in the relative densities between populations within the 
community, where the increase in some populations puts other populations below the 
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DGGE detection limit. In some cases, researchers have found that a single  laboratory 
isolate can produce multiple bands with DGGE while, conversely, a single band may 
represent multiple populations (Yang and Crowley 2000; Nakatsu 2007).

Given that, the DNA preparation and amplification are crucial steps in a PCR- 
based method, as they represent the biggest source of bias. At the same time, the 
purity and quantity of the template DNA is crucial for efficient and reproducible 
PCR-DGGE analysis. DNA extraction efficiency greatly depends on the sample, as 

Fig. 3.1 Flow diagram of the steps for microbial community analysis using polymerase chain 
reaction (PCR)–denaturing gradient gel electrophoresis (DGGE), (Nakatsu 2007, modified). On 
the right an example of a DGGE gel showing band compositions (profiles) of various population 
samples, representative of complex microbial ecosystems. Each band in each lane represents a 16S 
rRNA gene amplified bacterial product migrating to a unique position in the gel, which melts in a 
sequence dependent manner
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well as on the extraction procedure. Additionally, soil and environmental samples 
usually contain humic acids or other potential PCR inhibitors and the DNA obtained 
often needs further improvement in quality. On the other hand, efforts to remove 
PCR inhibitors for producing high-quality template decrease the quantity of DNA, 
which can be finally reflected in the variation of the PCR-DGGE pattern. Soil and 
other environmental samples thus represent challenging targets for PCR-based fin-
gerprinting analysis (Balázs et al. 2013).

All traditional DNA-sequencing methods (e.g. DGGE, T-RFLP, ARISA) used to 
identify the organisms present in the profiles can only sequence specimens individu-
ally. They are therefore inadequate for processing complex environmental samples 
containing mixtures of DNA from hundreds or thousands of individuals and unable 
to read DNA from multiple templates at the same time. There are currently better 
tools for obtaining the information on the organisms that are in each profile, such as 
the next-generation sequencing (NGS) technologies which are costing ever less 
(Shokralla et al. 2012), although DGGE can be a good starting point.

3.1.2  Fluorescent in Situ Hybridization

The non-PCR-based methods (without DNA extraction) commonly used in environ-
mental studies for quantifying microbial cell number and their phylogenetic charac-
terization are epifluorescence microscope ones, such as total direct counts of 
microbial abundance (e.g. by DAPI stain), cell viability (Live/Dead assay) and 
Fluorescence In Situ Hybridization (FISH). They make it possible to characterize 
microbial populations in situ in their natural ecosystems (Grenni et al. 2009; Barra 
Caracciolo et al. 2010; Barra Caracciolo et al. 2015), allowing the detection of cul-
turable and unculturable microorganisms and, can therefore help in understanding 
complex microbial communities. In particular, FISH combines the precision of 
molecular genetics with the direct visual information from microscopy, allowing 
simultaneous visualization, identification, enumeration and localization of individ-
ual microbial cells within their natural microhabitat. Because whole cells are 
hybridized, errors arising from biases in DNA extraction, PCR amplification and 
cloning are avoided (Amann and Fuchs 2008).

Fluorescent In Situ Hybridization  is a well-established and reliable technique 
used to detect specific microorganisms at different hierarchical phylogenetic levels 
in both microbial cultures and environmental samples. FISH is used to phylogeneti-
cally detect microbial cells using fluorescent labelled oligonucleotides  complementary 
to 16S or 23S ribosomal RNA (rRNA). Oligonucleotide probes are designed based 
on signature nucleotide positions in the bacterial 16S or 23S rRNA and may be used 
to target either a narrow or a broad group of organisms. Probes for kingdoms 
(Bacteria, Archaea), families, genera, species or strains can be differentially detected 
with different labelled oligonucleotide probes; the latter can be used in combination 
for simultaneously detecting the occurrence and spatial distribution of several taxo-
nomic groups within a single soil sample (Grenni et al. 2009). Fluorescent dyes can 
be used or multiple probes can be designed to target different regions of the same 
16S or 23S rRNA molecule, thus increasing the strength of the signal.
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High levels of rRNA (equivalent to high ribosome numbers), which result in high 
detection signals with the FISH technique, are observed in active populations of 
bacteria in which protein synthesis is occurring either in non-dividing or dividing 
cells. The whole-cell identification of microorganisms together with information on 
the morphology of active cells is achieved quickly and with high specificity.

During the past few years different protocols have been developed in order to 
improve the sensitivity of FISH and to permit the detection of single active cells. 
Although there are some specific differences in protocols designed for water, soil 
and sediment (Barra Caracciolo et al. 2005; Barra Caracciolo and Grenni 2010), the 
methodology has the following basic steps: fixation and permeabilisation (with the 
aim of ensuring a proper penetration of oligonucleotide probes inside cells), hybrid-
ization of the probe with a rRNA complementary site, removal of nonspecifically 
bound probes and fluorescent detection of cells using for example an epifluores-
cence microscopy (Figure 3.2).

There are major steps in probe design: identifying short regions (usually 15–25 
nucleotides in length) in a sequence alignment unique to the target group; keeping 
mismatches exclusively to non-target organisms (where possible), and modifying 
the sequence to meet probe design criteria such as a minimum melting temperature 
(Hugenholtz et al. 2002). The inaccessibility of probe target sites, mainly depending 
on the thermodynamic affinity of the probe to the target site, and the non- permeability 
of cell walls (especially Gram-positive bacteria) can be overcome by the application 
of pre-treatment protocols (Bottari et al. 2006). There is a constantly growing on- 
line data base available publicly (probeBase, http://probebase.csb.univie.ac.at) 
which contains the specification of more than 1200 probes and their hybridization 
conditions for use in a variety of environmental samples (Greuter et al. 2016).

The most commonly applied probes recommended for identification of higher 
taxa in soil, sediment and water microbial communities are presented in Table 3.1.

3.2  Example of Application of DGGE and Fish Techniques 
to Contaminated Soil Samples

3.2.1  Experimental Set-Up

The experiment aimed to restore a PCB-contaminated soil using a municipal com-
post and the leguminous plant Medicago sativa. The addition to soil of organic mat-
ter in the form of compost and the restoration of vegetation can be suitable strategies 
for improving soil quality and promoting recovery from contamination (Ancona 
et al. 2017; Turbè et al. 2010). Compost and a plant presence can act directly and 
indirectly to increase microbial diversity and functioning, thus stimulating contami-
nant biodegradation. DGGE and FISH were applied to soil samples in order to 
assess how the treatments affected the natural microbial community structure. The 
main results are illustrated and compared below.

3 Comparison of Two Molecular Methods to Assess Soil Microbial Diversity

http://probebase.csb.univie.ac.at


32

The experiment consisted of soil laboratory microcosms containing samples collected 
from a PCB historically contaminated area. In order to simulate an accidental spill, soil 
samples were treated with Apirolio, a dielectric oil produced in Italy up to 1970 and 
mainly used in electric transformers. Each microcosm consisted of a polyethylene plant 
pot (10 × 11 cm, 1 L capacity) filled with an equal proportion (800 g) of PCB-treated soil 
(Apirolio, 100 mg/kg) or soil amended with Apirolio and compost (Apirolio+Compost) 
at 26  t/ha (corresponding to an agronomic dose). The 100 mg/kg concentration of 
Apirolio was obtained pouring it onto an extremely small solid particles of certified sand, 
which was subsequently dispersed in the appropriate amount of soil. The historically 
contaminated soil (HCS) was used as the control. Eight seeds of Medicago sativa were 
added to half the microcosms of the entire experimental set. In the end, the experimental 

Fig. 3.2 Images of FISH assays under the laser confocal microscope. (a, b) pure culture of a 
bacterial strain (Rhodococcus wratislaviensis FPA1) capable of mineralizing the terbuthylazine 
pesticide: (a) DAPI-stained cells (blue); (b) Rhodococcus wratislaviensis FPA1 positive cells 
hybridized with a specific FISH probe (RhLu-probe) (red). (c, d) Detection of Rhodococcus 
wratislaviensis FPA1 in soil samples. (c) FAM-labelled EUB338 probe (green); (d) RhLu-positive 
bacteria. (From: Grenni et al. 2009)
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set consisted of eight different conditions: HCS, Apirolio, HCS+Compost, 
Apirolio+Compost, HCS+Plant, Apirolio+Plant, HCS+Compost+Plant, Apirolio+ 
Compost+Plant. Each condition was performed in three replicates (24 microcosms in 
total). All the microcosms were kept in a heated greenhouse under controlled temperature 
(20 ± 2 °C) for more than seven months (224 days), Figs. 3.3 and 3.4.

The pots were watered regularly and the soil maintained at about 60% of its field 
capacity throughout the experiment. The microcosms were sampled one day after 
the experimental set up (1 d) and at 224 days when the Medicago sativa roots filled 
the whole soil in each pot. Each microcosm was collected destructively, the soil was 
homogenized and immediately used for microbial analysis (DGGE; FISH). Other 
microbial and chemical analyses (total microbial abundance, cell viability, dehydro-
genase activity, Ester-Linked Fatty Acids and PCBs) were performed but the results 
are not reported in this chapter. The data reported here are exclusively the results of 
DGGE and FISH applied to soil samples collected at days 1 and 224.

Table 3.1 Most common oligonucleotide probes used for microbial identification in water, 
sediment and soil samples

Probe and 
reference Taxa Sequence (5′-3′) rRNA position

ARCH915 (1) Archaea GTGCTCCCCCGCCAATTCCT 16S(915–934)
EUB338 (2) Bacteria GCTGCCTCCCGTAGGAGT 16S(338–355)
EUB338II (3) Bacteria GCAGCCACCCGTAGGTGT 16S(338–355)
EUB338III (3) Bacteria GCTGCCACCCGTAGGTGT 16S(338–355)
ALF1b (4) α-Proteobacteria CGTTCGYTCTGAGCCAG 16S(19–35)
ALF968 (5) α-Proteobacteria GGTAAGGTTCTGCGCGTT 16S(968–985)
BET42a (4) β-Proteobacteria GCCTTCCCACTTCGTTT 23S(1027–1043)
GAM42a (4) y-Proteobacteria GCCTTCCCACATCGTTT 23S(1027–1043)
DELTA495a (6) δ-Proteobacteria AGTTAGCCGGTGCTTCCT 16S(495–512)
DELTA495b (6) δ-Proteobacteria AGTTAGCCGGCGCTTCCT 16S(495–512)
DELTA495c (6) δ-Proteobacteria AATTAGCCGGTGCTTCCT 16S(495–512)
EPS710 (7) ε-Proteobacteria CAGTATCATCCCAGCAGA 16S(710–727)
SRB385 (2, 8) Desulfovibrionales 

and other Bacteria
CGGCGTCGCTGCGTCAGG 16S(385–402)

EBAC1790 (9) Enterobacteriaceae CGTGTTTGCACAGTGCTG 23S(1790–1807
PLA46 (10) Planctomycetes GACTTGCATGCCTAATCC 16S(46–63)
PLA886 (10) Planctomycetes GCCTTGCGACCATACTCCC 16S(886–904)
CF319a (11) Bacteroidetes TGGTCCGTGTCTCAGTAC 16S(319–336)
LGC354a (12) Firmicutes TGGAAGATTCCCTACTGC 16S(354–371)
LGC354b (12) Firmicutes CGGAAGATTCCCTACTGC 16S(354–371)
LGC354c (12) Firmicutes CCGAAGATTCCCTACTGC 16S(354-371)
HGC69a (13) Actinobacteria TATAGTTACCACCGCCGT 23S(1901–1918)

(1) Stahl and Amann (1991), (2) Amman et al. (1990), (3) Daims et al. (1999), (4) Manz et al. 
(1992), (5) Neef (1997), (6) Loy et al. (2002), Lücker et al. (2007), (7) Watanabe et al. (2000), (8) 
Manz et al. (1998), (9) Bohnert et al. (2000), (10) Neef et al. (1998), (11) Manz et al. (1996), (12) 
Meier et al. (1999), (13) Roller et al. (1994)
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3.2.2  Microbial Community Structure Evaluated by DGGE

DNA was extracted from soil samples by using the E.Z.N.A.® Soil DNA kit 
D5626- 01 (Omega Bio-Tek), in accordance with the manufacturer’s instructions. 
DNA was used as the template for DGGE analysis of the 16S rRNA gene sequences 
from Bacteria and Archaea. The PCR reaction mix (50 μL) contained: reaction buf-
fer (1.5 mM MgCl2; 50 mM KCl and 10 mM TrisHCl; pH 8.3), 100 μM (each) 
deoxynucleoside triphosphates, 0.2 μM (each) primer, 1.5 U Taq polymerase 
(Bioline) and 6 μL of purified DNA solution as the template. The 16S rRNA ampli-
cons, obtained by using primer pairs 27F and 1525R for the first PCR, were subse-
quently used as the DNA template for Nested-PCR by using the 341F-GC clamp 
and the 907R primers set (Muyzer et al. 1993; Santos et al. 2013; Proença 2014). 
Analysis of Archaea was performed by using the 21F and 958R primers for the first 
PCR, followed by Nested-PCR with an Arch915R-GC clamp and an Arch519F 
primers set (Vissers et al. 2009; Proença 2014). After the first PCR, the PCR prod-
ucts were analysed using 1% agarose gel electrophoresis to verify correct amplifica-
tion of the desired fragment, using a 100 bp DNA ladder (NZYTECH DNA Ladder 
III) as a molecular weight marker. In samples where amplification was not obtained, 
PCR amplifications were repeated using half of the purified DNA solution used 
before (3 μL) as a template. In this way, we obtained bands with expected weight in 
all the samples and we could proceed with Nested-PCR.

DGGE was performed using a DCodeTM Universal Mutation Detection System 
(Bio-Rad Laboratories, Hercules, California, USA). PCR samples were loaded into 

Fig. 3.3 Microcosms with Medicago sativa plant in the early stages of the experiment (left) and at 
the end of the experiment (right) during the destructive sampling
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8% polyacrylamide gels with a denaturing gradient ranging 30–70% (100% denaturant 
is defined as 7 M urea and 40% formamide). Gels were run at 70 V, for 17 h, at 60 °C 
and stained with ethidium bromide (Santos et al. 2013). The gels were photographed 
and then the similarity between the various microbial communities was compared 
based on the digitized DGGE profiles, using the cluster analysis technique in Quantity 
One 4.6.6 (Bio-Rad). The bands in each lane were manually detected and compared, 
allowing matching profiles to be generated. Matching profiles for each lane were used 
to produce a dendrogram by employing the unweighted pair group method using arith-
metic averages (UPGAMA). The results are expressed as dendrograms. The two den-
drograms obtained, one for Archaea and the other for Bacteria, provided information 
about the similarities between the microbial communities present in each sample.

3.2.3  Microbial Community Structure Evaluated by FISH

One gram (three replicates for each microcosm) of soil was placed in a sterile 10 ml 
test tube and fixed with 9 ml of filter-sterilized PBS (phosphate buffered saline; 130 
mM NaCl; 7 mM Na2HPO4 * 12H2O; 3 mM NaH2PO4 * 2H2O) containing 0.5% 

Fig. 3.4 Picture of the experimental set. HCS: PCB historically contaminated soil, HCS+Compost: 
PCB historically contaminated soil + compost, Apirolio: PCB historically contaminated soil + 
Apirolio, Apirolio+Compost: PCB historically contaminated soil + compost + Apirolio. In the 
upper part of the picture, the same conditions with plant (Medicago sativa) are showed
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Tween 20, 2% formaldehyde, 1 g/L sodium pyrophosphate with a final pH of 7.4. 
Prior to FISH, an additional cell purification step was performed with a density 
gradient medium in order to detach cells from soil particles, as described in detail in 
Barra Caracciolo et al. (2005). Fluorescence In Situ Hybridization of the harvested 
cells, counter stained with DAPI, was performed using published protocols 
(Pernthaler et al. 2001; Barra Caracciolo et al. 2005).

Fluorescent Cy3-labelled oligonucleotide probes were used for the identifica-
tion, under the epifluorescence microscope, of the Archaea and Bacteria domains. 
Within the Bacteria domain the major groups usually found in soil such as α-, β-, γ-, 
δ- Proteobacteria and the Cytophaga-Flavobacterium lineage of the Bacteroidetes 
(CFB group) were searched for. The following oligonucleotide probes were used: 
Arch915 (for Archaea), EUB338I-III (for Bacteria) and inside this domain ALF1b, 
BET42a, GAM42a, DELTA495a,b,c (for α-, β-, γ-, δ-, Proteobacteria, respec-
tively), CF319 (for the Cytophaga-Flavobacterium lineage of the Bacteroidetes), 
HGC (Gram-positive Bacteria with high DNA G+C), LGC (Gram-positive Bacteria 
with low DNA G+C). All probes were synthesized by MWG AG Biotech, Germany. 
Further details of these probes are available at http://probebase.csb.univie.ac.at 
(Greuter et al. 2016). The slides were mounted with drops of Vectashield Mounting 
Medium (Vector Laboratories) and the preparations were examined and counted 
with a Leica DM LB 30 epifluorescence microscope at 1000 magnification, count-
ing a minimum of 300 cells per section. The estimation of cells binding to the fluo-
rescent probes is calculated as a percentage of the total DAPI positive cells.

3.2.4  Results and Comparison of the Two Microbiological 
Methods

In Fig. 3.5 the results of the two methods applied at the start (1 d) and at the end 
(224 days) of the experiment to identify Bacteria are shown.

In Fig. 3.6, the results (in the form of a dendrogram in the case of DGGE or 
expressed as percentage of the total DAPI positive cells in the case of FISH) of the 
two methods applied at the start (1 d) and at the end (224 days) of the experiment to 
identify Archaea are shown.

As is possible to see from the DGGE dendrogram for Bacteria (Fig. 3.5, left side) 
the lowest similarity (0.5) was found in the HCS 1d in line with the fact that it is the soil 
before the treatments. On the contrary, the highest similarity (>0.95) was observed 
between the Apirolio+Plant and HCS+Compost+Plant conditions; a lower similarity 
(>0.85) was found between the Apirolio+Compost and Apirolio conditions. 
Interestingly, all the conditions without plant at day 224 are linked in a branch with 
about 80% of similarities. The latter result is in line with the FISH results (Fig. 3.5, right 
side), reflecting the very similar community structure of the samples without plant.

Both DGGE and FISH results showed that the microbial community structure 
was influenced by the initial handling and experimental conditions (e.g. watering, 
constant temperature, etc.), no matter what the treatment, and that the combination 
of plant and Apirolio and/or compost marked the differences between the bacterial 
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Fig. 3.5 Bacteria detection in soil samples using the DGGE and FISH techniques at day 1 (HCS 
1d) and at day 224 (in bold) of the experiment. DGGE results are represented as a dendrogram 
obtained from the 16S rRNA gene amplification by the 341F-GC clamp and 907R primers; FISH 
results are expressed as percentages of positives cells to specific oligonucleotide probes. EUB: 
Bacteria, α: α-Proteobacteria, β: β-Proteobacteria, γ: γ-Proteobacteria, δ: δ-Proteobacteria, CF: 
Citophaga-Flavobacterium of Bacteroidetes, Others: taxa not identified with the probes used. Soil 
treatments: HCS: PCB historically contaminated soil, HCS+Compost: PCB historically contami-
nated soil + compost, Apirolio: PCB historically contaminated soil + Apirolio, Apirolio+Compost: 
PCB historically contaminated soil + compost + Apirolio. The same conditions were analysed with 
and without a plant and at day 224 from the experimental set up

Fig. 3.6 Archaea detection by DGGE.  Dendrogram obtained by cluster analysis for Archaea 
DGGE bands selected in DGGE profiles of soil archaeal community based on the 16S rRNA gene 
amplified by the 519F-GC clamp and 915R primers. Experimental conditions: HCS: PCB histori-
cally contaminated soil, HCS+Compost: PCB historically contaminated soil + compost, Apirolio: 
PCB historically contaminated soil + Apirolio, Apirolio+Compost: PCB historically contaminated 
soil + compost + Apirolio. The same conditions were analysed with (+Plant) and without plant and 
after 1 day (1 d) and 224 days (in bold) from the experiment set up

3 Comparison of Two Molecular Methods to Assess Soil Microbial Diversity



38

populations. Furthermore, the FISH analysis, which assessed the structure of the 
active microbial community, made it possible to investigate inside the bacterial 
taxon which was specifically affected by the treatments. In fact, at day 224 (Fig. 3.5, 
Table on the right side) the highest percentages of Bacteria were found when 
Medicago sativa was present and a shift in the dominance of several bacterial groups 
was observed. In particular, when comparing with the initial soil, α-Proteobacteria 
group significantly increased in the HCS+Plant, HCS+Compost+Plant and 
Apirolio+Compost+Plant conditions (Fig. 3.5, left side). The latter result is in line 
with the fact that the rhizosphere microbial populations had  an availability of 
organic compounds, which stimulate their activity and diversity (Brimecombe et al. 
2001; Nannipieri et  al. 2008). The  Proteobacteria   phylum, which include most 
bacterial species involved in the main biogeochemical cycles, are typically the most 
abundant phylum found in a good quality state soil. As an example, Rhizobiaceae, 
which include both nitrogen-fixing and nitrifying bacteria such as Nitrobacter, 
belong to α-Proteobacteria (Brock et  al. 2007). Proteobacteria dominance was 
observed in the rhizosphere in other experiments (Barra Caracciolo et  al. 2015; 
Mocali et al. 2013; Buée et al. 2009; Singh et al. 2007).

The DGGE profiles for Archaea domain (Fig. 3.6) did not point to a clear cluster 
linking the different treatment effects, which were quite different inside each condi-
tion. While the DGGE method identified this taxon, FISH was not able to detect it, 
presumably because of its low activity.

3.3  Conclusions

There is a wide range of methods available for studying soil microbial diversity and 
each method has limitations and provides a partial picture of only one aspect of soil 
microbial diversity. On the contrary, the application of two or more techniques allows 
for a better understanding of the complex ecology of microbial communities. For 
example, the overall results of the experiment here reported show that the two tech-
niques applied give information on soil microbial community at different levels.

DGGE is based on DNA extraction (viable and non-viable cells) and it is a 
screening technique to assess the genetic diversity of microbial communities or of 
particular populations without further characterization of the individual inhabitants. 
Nowadays, DGGE can be used as an initial technique for highlighting the main dif-
ferences in a given microbial community and subsequently more specific ones to 
obtain a more detailed understanding of the microbiome composition.

With the FISH method (without DNA extraction and avoiding the bias due to it), 
the whole-cell identification of microorganisms is possible quickly and with high 
specificity (there are oligonucleotide probes from domain to species level). Although 
the information obtained are limited to the group investigated and there is a rela-
tively low number of probes applicable, its great advantage is that it provides direct 
information on both the morphology of active cells and on their identity. This 
method is particularly useful for biomonitoring the population dynamics of micro-
bial species of particular interest in their natural environment.
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Abstract Agriculture and forestry traditionally focus on improving plant growth 
traits based on an anthropocentric point of view. This paradigm has led to global 
problems associated to soil overexploitation such as soil losses, reductions of the C 
stock in soils, and the generalized use of fertilizers, which particularly increases the 
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that the main role of non-photosynthetic symbionts is to mobilize the nutrients that 
are necessary for plant growth and development, and being plants the dominant 
agents of the symbiotic relationship. In response to these issues, this chapter offers 
an alternative approach taking advantage of the “rhizo-centric” point of view, where 
non-photosynthetic partners are the main protagonists in play; and secondly, it 
builds a multidisciplinary body of knowledge that could be called “rhizoculture”, 
which includes techniques focussing on the intensification of the development and 
activity of roots, mycorrhizae, and other symbiotic and free living rhizosphere 
organisms. In short, rhizoculture may lead to decrease plant production dependence 
on fertilization and provides other benefits to agriculture, forestry, and the environ-
ment. Within this conceptual framework, the first objective of this book chapter is to 
explore whether there is a “paradox of calcium salts” (i.e., Ca2+ and its salts are 
simultaneously nutrients, promoters, and stressors for the host plants) that would 
explain a dominance of mycorrhizal fungi over plants based on inducing a Ca(pH)–
mediated chlorosis to the host plants. If this paradigm shifting hypothesis were 
finally fully verified, it would provide conceptual bases to reconsider our current 
technologies in agriculture and forestry by introducing the “rhizocultural” approach, 
based on the management of roots (introducing alternative cultural practices), Ca2+ 
salts (using liming and other techniques), rock-eating mycorrhizae, organic matter, 
and the soil microbiome (increasing the presence of symbiotic microorganisms 
against saprophytes), N and P contents (by aquaculture and smart recycling of 
organic waste), and the physical properties of the soil (by the activity of soil symbi-
otic microorganisms and soil fauna, such as ants, termites and earthworms). The 
development of such new technological approaches in rhizoculture would signifi-
cantly decrease the high cost and associated pollution of the application of fertiliz-
ers and phytochemicals; as well as it would increase soil C stocks, improve the 
resilience of agricultural and forest systems to environmental disturbances, such as 
climate change, and enhance food production and security.
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4.1  Introduction

Since the 1930s, the Green revolution has replaced traditional agriculture with con-
ventional agriculture (CA) by the application of high inputs of chemical fertilizers 
and power derived from fossil fuels. These technologies saved over a billion people 
from starvation, but nowadays entail serious sustainability issues due to the limita-
tion of fertilizers supply from current sources, greenhouse gas (GHG) emissions, 
and diffuse pollution (Farmer 1986; Te Pas and Rees 2014). Moreover, worldwide 
farmers only collect 50% of the yield they would obtain under optimal conditions, 
with 60–70% of the losses attributable to abiotic factors such as nutritional deficien-
cies or drought. The remaining 30–40% losses are attributed to biotic factors con-
nected to the rhizosphere (Peleg et  al. 2011). While organic agriculture (OA) 
promotes organic fertilization and outperforms CA in environmental and social 
aspects, critical questions arise on whether OA benefits compensate for its lower 
crop yield or if it will preserve soil fertility over time (Andersen et al. 2015; Hansen 
et al. 2001; Meier et al. 2015).

New solutions and policies are urgently needed to improve availability of fertil-
izers, OA and CA yields, and meet the “greening” requirements set by, for example, 
the Common Agricultural Policy (CAP) (Eurostat 2015). In this regard, European 
societal challenge analyses indicate that new nature-based solutions considering the 
multi-functional use of ecosystems are required to perform the transition towards a 
circular economic eco-innovative management system changing the traditional 
model based on production and consumption towards a green society.

4.1.1  Rhizoculture: Strategies for the Intensification of Roots 
and Rhizosphere Activity to Reduce Fertilization 
and Improve Resilience in Agriculture and Forestry

To include the multiple functions of ecosystems in both OA and CA, the rhizo-
sphere is essential to soil, vegetation and ecosystem functioning (Akeem 2012). The 
term rhizosphere refers to the portion of soil surrounding roots where soil organisms 
are influenced by their presence (Killham 1994). Rhizosphere is the main bottle-
neck for closing loops on N, P and C-cycling in ecosystems because roots allow the 
integration of plant photosynthesis (leading to C inputs) and the activity of symbi-
otic organisms, such as mycorrhizae and N-fixing bacteria (leading to P and N 
inputs, respectively). Therefore, mutualistic plant-microbe interactions offer a novel 
approach to enhance agricultural productivity while reducing dependence on fertil-
ization and environmental costs. In concert with other novel agronomic technolo-
gies and management practices, plant-microbial mutualisms can help increasing 
crop production from 115% and up to 300%, and reduce yield losses by improving 
resistance and/or resilience to edaphic, biologic, and climatic variability from both 
bottom-up and top-down perspectives (Adesemoye and Kloepper 2009; Baum et al. 
2015; Hamilton et al. 2016).
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In this regard, García-Montero et al. (2015a, b) proposed the development of a 
multidisciplinary body of knowledge called “rhizoculture” (i.e. farming the rhizo-
sphere), which could be defined as a set of techniques focused on intensifying the 
abundance, biomass, depth and activity of roots, symbiotic and free-living organ-
isms associated to the rhizosphere. Therefore, the so-defined rhizoculture can lead 
to decrease fertilization and diffuse pollution, and increase soil C storage, plant 
resilience, and agricultural and forest production by: (i) intensifying multiple sym-
bioses among soil organisms and the host plants; (ii) managing roots and rhizo-
sphere in connection with biogeochemical processes; (iii) rising soil organic matter 
content to increase the ratios of symbiotic to saprophytic communities in the soil; 
(iv) managing roots and rhizosphere impacts on soil diversity and C pools; (v) 
enhancing root and rhizosphere development to improve the ability of plants to cope 
with environmental disturbances such as climate change; and (vi) orienting policies 
aiming to incorporate the socioeconomic value of the positive externalities associ-
ated to rhizoculture.

Assuming the challenge of shifting production and consumption management 
patterns in agriculture and forestry towards a sustainable green economy and soci-
ety, the value-added provided by this type of rhizoculture might include a reduction 
of the high costs and pollution associated to current fertilizers and phytochemicals 
inputs, which should result into improving both “environmental health” and the 
performance of agricultural and forestry systems.

In this way, developing new rhizoculture techniques connecting root and fertil-
izing management practices would be beneficial to agricultural and forestry sustain-
ability, both supported by four R D areas: (1) agrotechnological support to root 
development, (2) “soft” fertilization application, (3) the management of soil organ-
isms, and (4) and active management of soil water availability. The first RD area 
would incorporate a variety of small-medium industries as beneficiaries, and the 
other three areas would strengthen green agricultural and forestry policies, such as 
CAP.

4.2  Bases and Hypotheses for Developing Rhizoculture 
in Agricultural and Forestry Systems

Since the development of agriculture in the early Neolithic, the models of agricul-
ture and forestry performance have primarily been focused on improving plant 
growth (especially focused on the development of parts of plants that were eco-
nomically valuable) following anthropocentric and economical points of view. This 
approach may have neglected the understanding of plants´ interactions with their 
mutualistic symbionts, such as ectomycorrhizal fungi (ECMFs), arbuscular mycor-
rhizal fungi (AMFs) and N-fixing bacteria (NfBs), and commensal organisms, such 
as earthworms (García-Montero et al. 2015a, b).
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Therefore, the problem under study is assessing whether mycorrhizae and other 
symbiotic organisms affect agriculture and forestry in a different way to the one 
assumed from a “phyto-centric” point of view, which is based on the traditional 
approach viz.: “Symbiotic organisms are related to plants following ecosystem 
models, but assuming that the role of non-photosynthetic symbionts is to mobilize 
the nutrients necessary for the primary production of plants, which appear to be the 
dominant actors of the symbiotic relationship. This conceptualization may result 
from phyto-centric and anthropocentric points of view which have led to the current 
agricultural and forestry models” (García-Montero et al. 2015a, b).

This traditional approach has led to high-intensity agricultural and forestry over-
production models, which are leading to soil degradation and loss, declining biodi-
versity and of soil C to the atmosphere. In response to these issues, this chapter 
addresses an alternative hypothesis, improving on the phyto-centric point of view, 
where plants behave as dominant agents in the symbiosis, with a “rhizo-centric” 
(Phillips 2007) point of view, where non-photosynthetic partners could play a pre-
dominant role.

Within this conceptual framework, the first objective of this chapter is revising in 
the literature whether the “paradox of Ca2+ salts” (Ca2+ and its salts simultaneously 
act as nutrients, promoters and stressors of plants, in the framework of the symbiotic 
organism-host plant relationship) could contribute to explain the postulated domi-
nance of some mycorrhizal fungi over host plants (García-Montero et  al. 2009; 
2015a, b). As far as this hypothesis would be corroborated, the second objective of 
this chapter would portray a suitable scenario to improve our technologies in agri-
culture and forestry by introducing “rhizoculture”.

4.2.1  A Calcium (pH)-Induced Chlorosis Hypothesis in Some 
Ecmf-Host Plant Symbiosis Based on the Ability 
of ECMF to Mobilize Calcium Salts

There is still insufficient knowledge of ECMF functional structure, on its precise 
role in ecosystem processes and on its biogeochemical cycling. Numerous in situ 
studies on the ecological function of ECMFs have been hindered by the difficulty of 
monitoring ECMFs in nature, and limited research has already been conducted on 
the successional processes of ECMF communities (Courty et  al. 2010; García- 
Montero et al. 2012; Nara 2008; Smith and Read 2008). In order to minimize the 
research difficulty of performing ECMF field studies, a potential valid approach 
would be to study disturbed sites with simple ECMF/host-plant communities devel-
oped on relatively homogeneous substrates (Nara 2008), such as truffle brûlés.

Plants that have been infected by some ECMF species exhibit a zone around 
their trunk where the growth of other plants is inhibited, either permanently or 
periodically. Some examples of fungi producing these vegetation clearings on the 
soil (brûlés) are Tuber melanosporum Vittad. (black truffle), T. aestivum Vittad. 
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(summer truffle) and several species of Scleroderma Pers. In particular, Tuber 
melanosporum brûlé occurs because its mycelium and fruit bodies release multiple 
compounds that adversely affect seed germination and young plants development; 
as well as producing necrosis in grass roots (Plattner and Hall 1995).

García-Montero et al. (2009, 2012, 2013) have monitored natural Tuber mela-
nosporum brûlés in Mediterranean calcimorphic soils for over 15 years. A principal 
component analysis of 40 soil samples relates the soils inside the brûlés with high 
active carbonate content and lower total organic carbon (TOC) and total carbonate 
contents than in soils outside the brûlés. The disappearance of grasses in the brûlé 
causes modifications in soil surface layers affecting soil organic matter content 
(Castrignano et al. 2000). Callot et al. (1999) and Ricard et al. (2003) propose that 
the succession over time of different mycorrhizal fungi and microorganisms in 
T. melanosporum brûlés may be the result of the evolution of both the quantity and 
quality of the organic matter. Those authors report that the soils bearing T. melanos-
porum contain a small amount of coarse-fraction organic matter, and a high propor-
tion of fine-fraction stable organic matter, in comparison with non-productive soils.

Statistical comparisons between carbonated fractions inside and outside these 
brûlés have indicated that the concentration of total CaCO3 inside the mature brûlé 
is significantly lower than in the outside soil (an average 0.64 times lower), which 
provides evidence of the “rock-eating” activity of T. melanosporum. However, the 
concentration of active CaCO3 (smaller than 50 μm in size) inside the brûlés is sig-
nificantly higher (2.17 times greater on average) due to the soil physical, chemical 
and ecophysiological conditions that are associated to the existence of a mature 
brûlé, thus favouring secondary carbonate precipitation that produces a net increase 
of active CaCO3 and exchangeable Ca2+ contents in the soil. The active CaCO3 con-
centration inside the brûlés shows a positive correlation with the concentration of 
exchangeable Ca2+ (accounting for up to 42% of its variance). All these observations 
have led Prof. S. Rivas-Martínez to propose the term “Calcideserta” (calcic wilder-
ness) for describing the brûlé of T. melanosporum from a geobotanical point of view 
(personal communication 2014).

Menta et al. (2014) have confirmed the ability of T. aestivum to modify the soil 
biogeochemical status in the brûlé. The TOC and water contents of soil tended to be 
significantly lower inside the brûlé in comparison to its outside. Mello et al. (2013) 
indicated that the lack of vegetation that appears in the brûlés could cause signifi-
cant changes in light exposure and soil moisture level, leading, in turn, to water 
stress in the brûlé soil, especially in the summer. Finally, inside T. aestivum brûlés, 
the pH of the soil was significantly higher (0.22 to 0.28 units on average) than out-
side it.

On the other hand, some authors have reported comparable ECMF soil activity 
patterns resulting into significant accumulation of Ca, as calcium oxalate (CaC2O4), 
associated to ECMF mycelium presence on different soils. Oxalate and siderophore 
secretion are considered as the main mineral weathering means of ECMFs (Rineau 
and Garbaye 2010; Rineau et al. 2010). The ability to exude oxalate by some ECMFs 
has been widely documented, for instance as the means to acquire P by weathering 
mineral substrates (Kluber et al. 2010).
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Based on the above findings, we upgrade a soil-plant nutrition hypothesis pro-
posed by García-Montero et al. (2009) associated to some ECMF-host plant mutu-
alisms: “some ECMF communities could use different metabolic strategies to 
promote two biogeochemical changes, (i) increase soil Ca, and its salts, availability 
and/or (ii) increase soil pH in the rhizosphere of their host plants. Both strategies 
have been observed in carbonated soils as well as in acid soils. This ECMF activity 
could be a case of “ecosystem engineering” because increased pH and Ca2+ con-
centration in the rhizosphere may lead to host plant (i) chlorosis (via the paradox of 
Ca2+ salts) and (ii) modification of root-growth patterns (i.e., a significant root tips 
generation increase). Both, the stimulation to produce root tips and the induced 
nutrient deficiency, could lead to a greater ectomycorrhizal colonization activity 
and promote further growth of ECMF mycelia, which in turn induces the formation 
of further content of Ca2+ or increase soil pH in the rhizosphere on the basis of a 
feedback model”.

The impact of liming and soil pH change on tree growth patterns reinforce this 
soil-plant nutrition hypothesis. Monfort-Salvador et al. (2015) reviewed the impact 
of calcareous amendments on the soil-ECMF-host plant system. They assessed: 
(i) the influence of Ca2+ salts of biological origin on ECMF communities; (ii) the 
impact of Ca2+ on the growth patterns of the host tree roots; (iii) the importance of 
rock-eating processes associated to the presence of ECMFs for the host plants; and 
(iv) the impact of the soil Ca2+ cycle (associated to litterfall) on ECMFs activity. 
Tree root systems react to liming improving their ability to explore the soil through 
an enhanced absorption-efficient soil-root interface with extensive fine root devel-
opment and a greater number of mycorrhizal tips.

In summary, ECMF populations and communities could be acting as “ecosystem 
engineering” agents at a global scale, changing soil properties in the rhizosphere of 
the host trees in order to cause them stress (via the paradox of Ca2+ salts); therefore, 
modifying tree growth patterns and driving mycorrhization processes and nutrient 
exchange mechanisms. This, in turn, would make the host plants more dependent on 
the fungi to obtain nutrients. However, simultaneously, host plants will be more 
resistant to biological and environmental stresses (including climate change), and in 
the case of agriculture, host plants will be less dependent on fertilizers and 
irrigation.

4.2.2  The Oxalate-Calcium Carbonate Pathway 
in the Interactions Between Fungi  
and Oxalotrophic Bacteria

Verrecchia et al. (2006) analysed the interactions between fungi and oxalotrophic 
bacteria, remarking the biogeochemical impact of fungi on many elemental cycles. 
Fungi are not only biologically important as saprophytes for the recycling of organic 
matter, but also play a geological role by excreting notable amounts of organic acid, 
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among which oxalic acid is particularly important, and can be a source of secondary 
calcium carbonate in the soil. In contrast, calcium oxalate crystals precipitate and 
may constitute almost the 25% of soil hyphae and rhizomorphs dry weight in some 
ecosystems (Cromack et al. 1977). Verrecchia et al. (2006) demonstrated that oxa-
lotrophic bacteria could effectively use these abundant oxalate crystals as C, elec-
tron, and energy sources by oxidizing them into calcium carbonate. This secondary 
CaCO3 may then accumulate modifying soil conditions and increasing pH in the 
soil solution. Therefore, when associated with plant biomineralisation, fungi and 
bacteria contribute to long-term C storage by transforming half of the organic C 
from oxalate (or low-molecular-weight organic acids) into carbonate, with longer 
residence time in the soil than organic substrates. The other half is released into the 
atmosphere as CO2. In conclusion, because oxalate salts are of organic origin, the 
oxalate-carbonate pathway represents a potentially major C sink, and probably acts 
as a regulator of atmospheric pCO2.

Moreover, the oxalate-calcium carbonate pathway associated to these interac-
tions probably also acts as a regulator of soil Ca2+ content and pH level in the rhizo-
sphere environment of mycorrhizal-plant systems. This could have a major impact 
at the global scale. Therefore, it may be necessary to further develop another new 
hypothesis on mutualistic symbiotic relationships between mycorrhizae and oxalo-
trophic bacteria associated to the “paradox of Ca2+ salts” because the interaction of 
both soil microorganisms could increase their capacity to control host plants (based 
on the described Ca(pH)-induced-chlorosis).

On the other hand, calcium oxalate content showed a significant negative rela-
tionship with agricultural yield and crop quality attributes, emphasizing that increas-
ing the levels of oxalate in the soil had a detrimental effect on soil microbial variables 
(Laxminarayana 2016). In summary, oxalotrophic bacteria may have positive 
impacts on agricultural systems, because they reduce the level of soil calcium oxa-
late, which benefits agriculture; and simultaneously increase the content of calcium 
carbonate, which stimulates the mycorrhization of plants. Therefore, this particular 
deserves conducting further research.

4.2.3  Interactions Between Soil Fauna and Mycorrhizae-Host 
Plant Systems Associated to the “paradox of Ca2+ salts”

Other relevant patterns of atmospheric CO2 sequestration as soil carbonate (SIC) 
could be led by earthworms´ activity (i) producing calcite granules and (ii) the soil 
aeration generated by their tunnels. Spherical soil concretions up to the millimetric 
diametric size and composed of calcite crystals are found in soils containing earth-
worms. These calcite granules ranging from single crystals to aggregations up to 
2.5 mm in diameter are produced by the calciferous glands present in all the species 
of the Lumbricidae family (Briones et al. 2008a; Canti and Piearce 2003; Lee et al. 
2008; Versteegh et al. 2014; Wiecek and Messenger 1972). Jongmans et al. (2001) 
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found earthworm calcite granules down to 50 cm deep in the soil profile. Briones 
et  al. (2008a, b), Gago-Duport et  al. (2008), and Lee et  al. (2008) described the 
microstructural transformations involved in CaCO3 precipitation from the calcifer-
ous glands of earthworms. Furthermore, these biomineral granules are stable. In 
particular, Canti (2009) reported that earthworm calcite granules have been found in 
archaeological soils and ancient sediments.

Coleman et al. (2004)), Briones et al. (2008b) and Versteegh et al. (2014) indi-
cated that the calciferous glands of earthworms could provide a mechanism for 
regulating CO2 and Ca2+ in their blood and tissues. Canti (2009) showed that the C 
present in calcite granules mainly came from dietary inputs (litter), old soil C (soil 
OM), and from atmospheric CO2 (although not in quantities larger than about one 
third of the total C in the granule), but very little quantity seemed to come from soil 
CaCO3. Therefore, earthworms could lead to the promotion of significant amounts 
of secondary precipitation of CaCO3 in the soil, whose C comes from the atmo-
spheric CO2 that is fixed by plant photosynthesis (in the same way as the fungal- 
bacteria oxalate-carbonate pathway). In any case, the use of fresh OM, soil OM, and 
atmospheric CO2 to fix C in the earthworms’ calciferous glands as granules formed 
from calcite crystals would result in a net soil C fixing (as SIC) and the recarbon-
ation of soil. In addition, Fraser et al. (2011) conclude that earthworms truly synthe-
size CaCO3 and they do not merely recycle ingested material.

García-Montero et al. (2008, 2013) confirmed Canti’s (2009) laboratory results 
in truffle orchards. They found a significant increase of carbonate contents (and a 
higher pH value) in earthworm casts associated to calcite granules production that 
cannot be just explained by the existing levels of original carbonate in weakly cal-
careous soils. Chan (2003) showed that the pH of casts is significantly higher (pH 
>6) than that of the bulk acid soil material (pH = 4.0) that was used in laboratory 
experiments. Wiecek and Messenger (1972) also indicated that L. terrestris casts are 
less acid than the ingested food, and proposed that the weathering of earthworm 
calcite granules is partly responsible for pH values greater than 7.0 in the A1 hori-
zons of acid soils under forests covering some American woodlands. Elsewhere, 
Lambkin et al. (2011) reported from a laboratory experiment that an increased soil 
pH could promote a higher production of calcite granules by L. terrestris. In 
 consequence, García-Montero et al. (2013) pointed to a feedback loop of varying 
intensity with the different types of soils and earthworms.

Versteegh et al. (2014) addressed that, the observed increase of CaCO3 produc-
tion rate with temperature can be explained by an increase in their metabolic activ-
ity. Lee et  al. (2008) highlighted that earthworms produce calcite granules in 
sufficient volume to have a measurable impact on soil C cycling (as SIC). Lambkin 
et al. (2011) estimated that annual granule production by L. terrestris lies in the 
range of 18˗3,139 mol-CaCO3 ha–1 year–1, with an average value of 438 mol-CaCO3 
ha–1 year–1. These authors pointed out that their values are higher than those reported 
by Wiecek and Messenger (1972), who calculated that excreted CaCO3 could con-
tribute up to 11 mol-calcite ha–1 yearr–1 in forests on acid soils; which are also higher 
than the results addressed in Canti (2007), who estimated L. terrestris production 
rates of more than 0.02 mol-calcite day–1. However, Lambkin et al. (2011) indicated 
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that there is significant variation in the mass of granules produced by different earth-
worms exposed to the same soil, and explain that a large proportion of this variation 
should reflect biological variations between individuals. Recently, Versteegh et al. 
(2014) reported that L. terrestris is a major CaCO3

– producing species in temperate 
soils. Production rates range from 0.8 to 2.9 mg earthworm–1 day–1. Considering 
1.9˗61.8 individuals m–2, this equates to precipitating 2˗261 kg C ha–1 year–1, which 
represents a potentially significant contribution to carbon sequestration. These 
authors also highlighted the on-going debate on whether earthworms increase soil 
greenhouse-gas emissions or contribute to carbon sequestration, as well as on the 
timescale and nature of the experiments that would be required to determine this 
particular (Zhang et al. 2013). Particularly, Versteegh et al. (2014) showed that it is 
likely that, at higher temperatures and atmospheric [CO2], CaCO3 earthworm syn-
thesis will increase. As granules can last in soil for >300,000 years, the potential 
sequestration of C in the form of CaCO3 is on a longer-time scale than roots and soil 
organic matter, for example. On the other hand, the precipitation of soil CaCO3 
increases when the partial pressure of CO2 decreases in soil due to the aeration that 
is generated by the activity of earthworms themselves. In this regard, Callot et al. 
(1999) concluded that besides the contribution made by the respiration of roots and 
microorganisms, pCO2 in the soil atmosphere depends on soil aeration, which is 
strongly conditioned by earthworms.

On the other hand, Verrecchia et al. (2006) showed that the accumulation of oxa-
late crystals by fungi may also produce unexpected consequences associated to soil 
fauna, because calcium oxalate can be disseminated inside soil by the action of 
oribatid mites. Such mites feed on calcium oxalate crystals produced by fungi, and 
then re-precipitate the mineral in their hardened cuticles (Norton and Behan- 
Pelletier 1991). In fact, they are thought to process a significant portion of the Ca2+ 
pool in some ecosystems (Gist and Crossley 1975). Therefore, it would be neces-
sary to draw additional models on a mutualistic symbiosis existing between mycor-
rhizae and soil fauna (such as earthworms and mites) associated to the “paradox of 
Ca2+ salts” because the interaction of these organisms could increase the control 
over host plants based on the described Ca(pH)–induced-chlorosis. Menta et  al. 
(2014) furthermore indicated that soil fauna could have an impact on fungal growth, 
dispersion and fruit body production, altering fungal fitness, and therefore, their 
combativeness in interaction with other soil microorganisms (Rotheray et al. 2011). 
Several authors have described some mechanisms explaining the impact of soil 
microarthropods on fungal communities. For instance, Hanlon and Anderson (1979) 
reported that microarthropod’s feeding activity can exert a strong differential effect 
on fungal and bacterial populations; as well as some reviews on AMFs and soil 
fauna interactions suggest that Collembola have the potential to restrict mycorrhizal 
functioning in the field (Fitter and Garbaye 1994; Fitter and Sanders 1992). On the 
other hand, Menta et al. (2014) addressed that some ECMFs, such as Tuber aesti-
vum, may modify soil fauna communities; that is, Folsomia sp. showed higher abun-
dance inside the soil of the T. aestivum brûlé than in the outside.
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4.2.4  The Liming Effect on AMFs in Agriculture

AMFs are among the most ubiquitous and abundant symbiotic organisms, and colo-
nise roots of almost all plant species spreading over upland grasslands (Sparling and 
Tinker 1978; Yang et al. 2016). AMFs enhance nutrient translocation and uptake by 
developing an extensive network of external mycelium acting as an extension of the 
root absorption system (Mosse 1981). Moreover, Guo et al. (2012) have hypothe-
sized that the ability to form AMF associations may be important to crop species 
adaptation to low-input systems. The AMFs can also alleviate stresses, improve soil 
structure, and provide plants with tolerance to heavy metals (Augé 2001; Clark and 
Zeto 1996; Smith and Read 2008).

We have reviewed the impact of liming on AMFs populations, thus opening the 
field to future studies to (i) assess possible cause-effect relationships between lim-
ing and the composition of AMF communities, (ii) addressing the suitable lime 
dose, and (iii) establishing their interactions with other soil organisms, such as diaz-
otrophs (i.e. NfBs), and the whole nitrogen cycle. AMFs seem to show different 
responses to lime amendments. They indicated that all three possible effects –posi-
tive, negative and neutral– were observed:

 (i) Negative impact of liming on AMFs: associated to the reduction of AMF spores, 
depressing root colonization by some AMF species and negative impacts on 
AMF community richness and diversity. In short, apparently, long-term appli-
cation of lime might influence the colonization of AMF and, thus, the sustain-
ability of farming systems on acid soils (Guo et al. 2012).

 (ii) Non-significant impact of liming on AMFs: very few authors have reported the 
absence impacts on fungal communities, i.e., Shah et al. (1990).

 (iii) Positive impact of liming on AMFs: in general, liming increases the intensity 
and abundance of mycorrhizal colonisation (but with significant differences 
among plant species), which may be crucial for conservation management sys-
tems, such as no-till farming (Guo et al. 2012; Johnson et al. 2005; Schneider 
et al. 2011). Liming increase the AMF colonisation of barley, corn, Brachiaria 
decumbes, and Stylosanthes guianensis and, moreover, increased the ability of 
AMFs to enhance the efficiency of P use by soybean and Stylosanthes guianen-
sis. These authors also explained that liming increases the number of propa-
gules, germination, and colonisation of several AMFs.

In summary, when calcareous amendment has been applied to crops, negative 
and positive effects on AMFs have been reported. However, our review allows con-
cluding that, in the majority of cases, liming improves AMFs spore germination, the 
colonisation of AMFs, and their overall performance, although their diversity may 
be reduced.

In addition, liming can promote nodulation in N2–fixing bacteria (NfBs), and N2 
fixation itself as well (Redecker et al. 1997). Legumes experiment ineffective nodu-
lation in low pH soils (Munns 1986); however, liming and the inoculation of plants 
with AMFs and Rhizobium may solve this problem (Guo et  al. 2010). For these 
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reasons, we also reviewed the impact of liming on N-fixing bacteria (NfBs) in agri-
cultural systems. Liming affects the interactions between legumes and rhizobia, 
resulting in an increased nitrogen fixation, which can duplicate N2 fixation in some 
legume fields; i.e., liming can increase nodulation of Trifolium repens and Alnus 
rubra by Rhizobium spp. (Newbould and Rangeley 1984) and Frankia spp. (Crannell 
et  al. 1994), respectively. Therefore, further research should help understanding 
how liming practices could impact on the whole system of symbioses of plants with 
soil organisms; as well as to establish analogies and differences with the model 
based on Ca(pH)–inducing chlorosis to the host plants that has been hypothesized 
above for ECMFs-plant systems.

4.3  Basis and Applications of Rhizoculture in Some Strategic 
Approaches

4.3.1  Food Production and Forest Resources  
at the Global Level

The Earth sums up 1,600 M ha of cropland, 3900 M ha of pastures and 3,900 M ha 
of forests, holding more than 1.400 M of farmers. These figures highlight the actual 
importance of the rural sector to the world economy. It is predicted that 50% more 
food will be needed in 2050 to feed a population of 9,000 M inhabitants, that is, 
900 M tons more of cereals, 200 M tons more of meat, and 70 M ha more of crop-
land. In addition, it cannot be forgotten that there are currently 800 M people poorly 
nourished in the world. Even though they were almost 1,000 M in 2000, there is a 
lot to improve in this matter of concern (FAO 2017). Moreover, climate change may 
reduce up to a 25% of the yield of current crops in many areas of the planet. 
Therefore, there is still a big challenge for sustainability to overcome by investing 
and innovating in agricultural development. Within the agricultural sector, cereals 
production is remarkable, covering 60% of the cropland worldwide, along with ole-
aginous crops and fruit trees; whereas bovine, including cow milk production, is the 
most important within the livestock sector together with porcine. Considering the 
forest sector, its industrial activity is remarkable taking into account cellulose and 
paper, wood boards, round wood, and bioenergy production. In fact, forest produc-
tion has experienced an important concentration within forestry plantations and 
crops, so they nowadays account for the 35% of the total forest outcome, although 
it is predicted to grow up to 75% in 2050. As a result, FAO (2017) estimates that 
wood demand will be increased by a 30% in 2050, and forestry crops will be respon-
sible to cover this increment. Nowadays, 400 M m3 of industrial wood are being 
produced by forestry plantations, and they are estimated to be 900 M m3 in 2050. 
Correspondingly, forestry plantations cover is estimated to grow by approximately 
80–90 M ha. Non-timber forest products (NTFPs) are also of great relevance within 
the forest sector, and they are under a strong growth; although statistical data are 

L.G. García-Montero et al.



55

partial and incomplete, so global statistics cannot be herein provided. Within this 
global framework, new solutions and policies are urgently needed targeting current 
challenges for agriculture and forestry, such as growing welfare, changing diets, 
climate change mitigation, and food security of a growing global population need-
ing 50% more food in 2050, as proposed by FAO (2017).

4.3.2  Strategic Keys to Implement Rhizoculture Models 
to Optimize Its Impact on the Mitigation of Greenhouse 
Gas Emissions, Pollution Associated to Fertilizers Use 
and Food Security

Considering this background, the main objectives of developing rhizoculture tech-
nology, both in OA and CA, would be to reduce fertilizer use, and to increase crop 
resilience, C sequestration, and even agricultural and forestry production, and N and 
P recycling, to be applied from the farm scale to much larger geographical units. 
These objectives would be directly related to the principles of organic agriculture 
and permaculture (Mollison and Reney-Mia 1991; FAO 2017), and therefore, rhizo-
culture would have to propose models for closing N, P and C cycling loops in agro 
ecosystems, which rely on sustainable ecosystem management rather than on exter-
nal agricultural inputs.

Rhizocultural technology could be based on a set of experimental studies at the 
laboratory scale aiming to unravel the biological mechanisms (including molecular, 
biochemical and physiological ones) that are involved in root and rhizosphere inten-
sification. On the other hand, and both at farm and landscape scales across different 
biogeographic regions (such as, Boreal, Atlantic, Continental and Mediterranean) 
and different continents (such as, Europe, Africa, Asia and Latin America), compa-
rable pilot scenarios could be selected to implement rhizoculture by: (i) developing 
new applications of conventional OA techniques; (ii) designing new agricultural 
practices based on the observation of rhizosphere patterns of performance (such as 
liming and the control of organic matter and water inputs into the soil); and (iii) 
monitoring the closure of loops of N, P and C cycling, as well as diffuse contamina-
tion, GHG emissions and C sequestration in agricultural ecosystems. Moreover, 
rhizoculture could be integrated with (a) livestock management and feed, and aqua-
culture; (b) new technologies to enhance their implementation (i.e., recycling of 
agricultural residues); (c) socioeconomic and environmental assessment models, 
aiming to designing new prototypes on agro-ecosystems, and disseminating them 
via agriculture extension programs (García-Montero et al. 2015a, b).

Therefore, it is necessary to develop research projects unfolding strategic steps to 
implement rhizoculture in potential designing prototypes of sustainable agro- ecological 
systems. The main objectives in the design of these experiments could be:
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 (I) To develop agricultural, both organic and conventional, technologies to inten-
sify root development and rhizosphere activity within both agricultural and 
forest management practices.

 (II) To design rhizoculture strategies based on OM management models (e.g. 
livestock management and others) aiming to increase the ratio of symbiotic/
saprophytic soil organisms in order to achieve these objectives:

 (a) To intensify biological NPK fertilisation (increasing NfBs and mycor-
rhization, fungal rock-eating activity, etc.).

 (b) To reduce CO2 and GHG emissions and increase C stocks.
 (c) To increase plant resilience to climate change.

 (III) To develop rhizocultural strategies increasing the presence levels of Ca, and 
its salts, in the soil by liming and the management of biological activity 
(earthworms, oxalotrophic bacteria, etc.) in order to intensify the symbiosis 
of plants with mycorrhizas and NfBs (using the Ca-induced-chlorosis model).

 (IV) To implement rhizocultural strategies based on the management of fauna and 
organic waste recycling (including aquiculture, livestock, wild herbivorous, 
social insects, earthworm culture, and others) aiming to increase soil nutri-
ents availability (by organic amendment, biological fertilisation, etc.) and the 
quality of soil properties (soil structure and aeration, cation exchange capac-
ity, etc.).

 (V) To design strategies integrating the use of chemical fertilisers and pesticides 
with biological fertilisation and crop protection based on rhizoculture.

 (VI) To develop new information technologies that would favour the implementa-
tion of rhizoculture and its monitoring in agricultural and forestry systems. 
Some of these new technological developments may be:

 (a) Technological applications aiming to increase symbiotic activities among 
plants, mycorrhizas, and bacteria.

 (b) Technological applications to understand and intensify calcium roles in 
the symbiotic processes between plants, mycorrhizas and bacteria.

 (c) Molecular monitoring of biomass and diversity of soil organisms.
 (d) Remote sensing technologies monitoring fungal and soil organism activity.

 (VII) To develop new models integrating rhizoculture in agriculture and forestry 
with consumer behaviour, food security, resources use and green economy.

In order to generate a set of explanatory and management models on rhizoculture 
on different scales, Table 4.1 shows a set of hypothetical scenarios of high agricul-
tural and forest value at both the global and European scales, based on 15 crop types 
(including 4 tree species) and 15 agroforestry systems (including 3 livestock spe-
cies), which have been selected because: (i) they together represent 71.73% of the 
European and 63.85% of the global crop areas, in basis to FAOSTAT productivity 
data (FAO 2017); (ii) a bibliographic review shows that these crops have valuable 
root systems and a good response to calcareous amendments (Tables 4.2 and 4.3); 
(iii) prototypes of rhizoculture based on this set of crops would allow comparisons 
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of “cover vs. row crops, annual vs. perennial, tall vs. short crops, deep vs. shallow 
roots, N-fixing and catch crops, species suited for companion planting and 
 polyculture (i.e. beans, corn, peas, potato, tomato, alfalfa walnut)”; and (iv) other 
prototypes of rhizoculture based on a set of agricultural, forestry and other land uses 
would allow the analysis of arable land vs. adjacent forests, field margins vs. hedges 
and trees, tree species with N fixation capacity, and others scenarios such as buffer 
strips and mountain farming.

4.3.3  Basis to Integrating the Rhizoculture and the Soil 
Organic Matter Management by Livestock, Biomass 
and Bioenergy Uses

Livestock constitutes a powerful management tool at the landscape level. Apart 
from its proven capacity to influence biodiversity (Teillard et al. 2015), the high 
proportion of biomass consumed by livestock on grasslands (up to 85% according 
to estimates by Haynes and Willams (1993) and the dominance of domestic live-
stock in terrestrial grazed ecosystems (Smith et al. 2015) show how determinant this 
component can be. While livestock funnels a large proportion of the grassland bio-
mass, most of the ingested components are excreted in an organic form and only 
mineralized by soil microorganisms once buried (Haynes and Williams 1993; 
Rufino et al. 2006). The interdependence of the soil ecosystem and the grazing eco-
system becomes therefore very relevant, especially in grazed ecosystems that repre-
sent more than half of the continental lands (Manzano 2015). It is then unsurprising 
that large mammalian herbivores influence the presence and activity of soil nema-
todes (Veen et al. 2010) or mycorrhizae (Murray et al. 2010).

At the interface between the grazing and the soil ecosystems, dung-burying 
invertebrates become critical in putting systems together and closing the nutrient 
cycle. While earthworms have been considered determinant in temperate humid 
climates, as well as dung beetles in semiarid Mediterranean systems (Lumaret et al. 
1992), the influence of the latter seems to be restricted to the most humid months 
both in temperate and tropical semi-arid and arid areas. Harvester ants have been 
observed to be much more relevant in terms of dung burial during dry seasons in the 
Mediterranean area (Manzano et al. 2010), with similar roles attributed, in princi-
ple, to termites in the tropics (Freymann et al. 2008; West 1991). While such studies 
give a hint on the potential importance of social insects in dung burial, very little is 
known on which factors favour or limit the process or how it affects the soil com-
munity and the processes therein, such as carbon fixation or CaCO3 production. 
Such research is particularly crucial when considering that a very large proportion 
of the continental land consists of drylands (up to 41.3% according to the Millennium 
Ecosystem Assessment), which have particularly been disregarded by research.

The management of grazing lands has also a very strong influence on their land 
degradation and biodiversity status, which in turn has a direct effect on C storage 
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potential., Studies on rangeland governance have shown that security in land tenure 
is very determinant for keeping soils in grazing lands under a satisfactory conserva-
tion status (Herrera et al. 2014). Grazing management as a tool, including adequate 
land tenure systems, therefore seems a cheap and far-reaching management tool to 
promote carbon-fixing processes in the soil, provided that concluding research on 
how the different regimes influence it would be enabled.

Therefore, livestock and biomass use management can be major factors to 
develop soil organic matter management strategies aiming to increase the ratio of 
symbiotic/saprophytic soil organisms in order to achieve the main objectives of 
rhizoculture (described above) (García-Montero et al. 2015a, b).

In this regard, the need to mitigate climate change effects reducing GHG emis-
sions, the growing interest on reducing crude oil dependence, and several other 
beneficial effects are major motivations for increasing the use of biomass-derived 
bioenergy (Long et al. 2015; UNTACD 2016). Biomass use has undergone a signifi-
cant transformation along the last decade, that is, biomass is not only used for 
energy generation, but also for biomaterial production (food, feed, and fibre) thanks 
to the application of more innovative biotechnological processes, leading to develop 
what it is currently known as the bioeconomy (UNCTAD 2016). In 2014, the 10.1% 
of the world’s Total Primary Energy Supply (TPES = 1,384 Mtoe = 57.8 EJ) was 
produced from biomass (solid and liquid biofuels; IEA 2016). Biofuel production in 
2015 was 74.85 Mtoe, whereas 239.4 thousand million tonnes of oil were produced 
from geological reserves. The three largest biofuel producers were USA, Brazil and 
Germany, accounting for the 41.5%, 23.6% and 4.2% of the total worldwide out-
come, respectively (BP 2016). The bulk of the production of the USA and Brazil is 
ethanol from corn and sugarcane, respectively; whereas the major part of the 
German production is biodiesel from rapeseed (BP 2016; Long et al. 2015). In the 
USA, a 30% of the average annual production of corn grain from 2006 to 2010 was 
used for ethanol production Three oil crops supply the vast majority of biodiesel: 
soybean (7.0 Mt), oil palm (6.3 Mt) and rapeseed/canola (6.0 Mt). Most soybean 
biodiesel is produced and consumed in the major centres of soybean cultivation, 
which are Brazil, USA and Argentina (Long et al. 2015). Bioenergy and biofuels 
produced from biomass have been considered carbon neutral in most Life Cycle 
Assessment (LCA) studies of biomass systems. It is assumed that the carbon 
released during the combustion of biomass is sequestered back into equivalent 
growing biomass. This convention is currently being discussed because the timing 
difference between the release and sequestration of carbon from forest biomass 
leads to a situation where part of the carbon remains in the atmosphere until it is 
fully integrated back into the growing forest. This would result in a warming impact 
if sequestration lags emission. Thus, carbon neutrality over a forest rotation period 
is not equal to climate change neutrality (Cherubini et al. 2011; Helin et al. 2013).

In biomass production (crop and harvest stages), other GHG emissions (i.e. N2O 
and CH4) should also be taken into account; and special attention should be paid to 
the role of fertilizers (Sastre et al. 2016). Net GHG savings are really highly uncer-
tain and depend, among others, on the N-fertilization level and assumed N2O emis-
sions factors (Erisman et al. 2010). Recent studies point out that typical fertilization 
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doses for bioenergy crops could produce nitrogen deficits in soil stocks, compro-
mising soil sustainability and future crop fertility. However, raising nitrogen fertil-
ization above the typical dosage aiming to compensate soil nitrogen deficit could 
compromise the achievement of GHG savings, as well as it could generate excessive 
effects in other relevant impact categories (i.e. eutrophication) (Sastre et al. 2016). 
In connection with rhizoculture, different crop management techniques are sug-
gested to overcome this problem: (i) crop rotation with legumes; (ii) no-tillage 
farming; (iii) optimization of the crop collection time and/or the use of low N con-
tent species; (iv) introducing gluconacetobacter bacteria; and/or (v) using slow 
release fertilizers (Erisman et al. 2010; Sastre et al. 2016).

The cultivation of bioenergy crops is viewed as controversial because of this 
uncertainty with respect to net GHG-savings and its potential competition with bio-
diversity and food production for land use (Erisman et al. 2010). Research is cur-
rently focused on a second-generation biofuels (i.e. produced from lignocellulosic 
biomass). Typical resources for these fuels are short rotation forestry crops (poplar, 
willow and eucalyptus), perennial grasses (Miscanthus spp., switch grass and reed 
canary grass), and residues from the wood industry, forestry, and agriculture. Most 
of these second-generation biofuels are in their early stages of pilot production 
phase and commercialization (UNCTAD 2016).

4.3.4  Basis to Integrating the Rhizoculture with Alternative 
Fertilizers Based on Waste Recycling and Aquaculture

In 2012 and 2013, the average world’s fertilizers consumption was about 120 kg/ha 
of cropland a year. Just considering developed countries with intensive agriculture, 
these figures turn to exceed 170 kg/ha yearly (i.e., the UE addressed an average of 
177.026 and 176.419 kg/ha, respectively). These figures include N, P and K fertil-
izing fertilising products, but traditional organic compost and manure from plant 
and animal origins are not included (FAO 2016; World Bank 2016). The cost and 
environmental issues associated to these high levels of fertilizer application are pro-
moting new alternative N and P sources, based on waste recycling, aquaculture and 
rhizoculture.

The world’s production of aquatic animals from aquaculture summed up to 73.8 
million tons in 2014, and 27.3 million tons of aquatic plants were also cultivated, 
accounting for an estimated first-sale value of €101,000 million, even overpassing 
the world fisheries captures of 93.2 million tons (FAO 2016). The total European 
aquaculture production reached 2,350,278 tonnes in 2015.

Cold-water marine species now represent the 71.4% of the total production, fresh 
water species sum up to the 15.1%, and marine Mediterranean species address the 
rest 13.5%. In 2015, the 94% of bred species were salmon, trout, seabream, seabass, 
and carp. Within the aquaculture sector, Integrated Multi-Trophic Aquaculture 
(IMTA) is a multi-culture system where several species from different trophic levels 
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are bred in proximity. While the theoretical potential for the growth of biomass in 
the ocean is evidently very large, the focus on this kind of solution has been surpris-
ingly low. As long as it is performed within ecologically sustainable limits, IMTA 
offers potential solutions to an increased and profitable production of local, resource- 
efficient, and climate-friendly food and biomass for energy purposes whilst captur-
ing CO2.This system is similar to a natural ecosystem, so the waste or excess of 
nutrients produced from fish being farmed (e.g. faeces and waste metabolites, and 
uneaten feed) become nourishment resources for lower trophic species, such as 
shellfish or seaweeds that are housed within the same system or environment.

This combination contributes to an ecosystem-based production that, in addition 
to recycling nutrients, naturally binds CO2. Particularly within these systems, “aqua-
ponics” is an innovative and sustainable food production system integrating aqua-
culture with hydroponic vegetal crops. Aquaponics may hold a key role to play in 
food provision and tackling global challenges such as water scarcity, food security, 
urbanization, and reductions in energy use and food miles.

On the other hand, membrane technologies, or membrane separation processes 
(MSP), are considered as highly efficient alternatives for the removal of nitrates and 
phosphates from water, in addition to other technological advantages such as the 
significant reduction of equipment size, energy savings, minimized environmental 
impact, and its easy staggering and automation (Drioli et  al. 2011). Thus, some 
researchers have addressed this issue by applying different types of membrane and 
other separation processes, showing promising results (removal of nitrates and 
phosphates > 99%), such as electrocoagulation (Bektaş et al. 2004), microfiltration 
(MF) (Wasik et al. Wąsik et al. 2001), membrane bioreactors (MBR) (Wenhai et al. 
Wenhai et al. 2017), nanofiltration (NF), or reverse osmosis (RO) or direct one (DO) 
(Van Voorthuizen et al. 2005). In many of these studies, different combinations of 
processes are also proposed, i.e. MBR+RO (Wenhai et  al. Wenhai et  al. 2017), 
MBR+NF (Kangmin and Jaeweon 2012) or an integrated MF-NF-RO system, 
depending on the requirements of final water quality or the components to be 
removed. Nowadays, several companies are developing the application of these pro-
cesses to the extraction of N and P from waste and agricultural waste recycling to 
produce alternative fertilizers, which is on the base of a circular economy compati-
ble with rhizoculture.

4.3.5  Basis for Integrating Rhizoculture and Liming 
in Agriculture and Forestry: Impact of Mycorrhizae 
and Calcium on the Physiology of Plants

Calcium availability in the soil is crucial to many biological processes, so Ca2+ scar-
city, whether caused by natural causes or human activity, may block certain plant 
physiological processes demanding leaf exchangeable Ca. In forest ecosystems, for-
est decay has partially been related to low soil Ca2+ contents (Borer et  al. 2005; 
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Ting-Wu et  al. 2011). Correspondingly, tree species generally react in a positive 
way to an increment of soil Ca2+ availability. Forestry extractions and acid deposi-
tion may cause substantial Ca2+ depletion in forest soils if rock weathering, atmo-
spheric deposition or fertilization application do not compensate the losses 
(Huntington 2005), thus addressing a negative effect on the health of forests 
(Halman et al. 2014). Consequently, those forest species growing on soils with a 
higher soil Ca2+ availability show higher tolerance to root diseases, better leaf cold 
tolerance (Halman et al. 2008), higher leaf growth and biomass (Littke and Zabowski 
2007), and increased leaf nutrients contents, as well as tree tops vitality is enhanced, 
stress metabolic indicators are lower (Minocha et al. 2010), and it promotes a higher 
relative growth of the basal area, in particular, and the overall plant growth, in gen-
eral (Moore and Ouimet 2010; Huggett et al. 2007).

From a plant physiological and nutritional point of view, calcium is considered 
as an immobile essential element for plants, that is, it is an intrinsic component of 
their structure and metabolism; thus, its deficit may cause severe disorders to plant 
growth and development; as well as it limits the ability of plants to adaptively 
respond to environmental changes (Borer et  al. 2005; Taiz and Zeiger 2015). 
Furthermore, attending to its relative abundance within plant tissue, it is considered 
as a macronutrient. In particular, the average content of Ca2+ in plant tissue is about 
the 0.5% (Epstein 1972). In addition, Ca2+ is considered as a nutrient that remains in 
its ionic form according to its biochemical functions (Mengel and Kirkby 2001), 
which comprises being a constituent of the middle lamella of cell walls, its partici-
pation as a cofactor of some enzymes of ATP hydrolysis and phospholipids, as well 
as it performs second messenger roles in metabolic regulation and serve to regulate 
the osmotic potential., Furthermore, being a divalent cation provides Ca2+ the ability 
to modify the permeability of plant membranes, which may serve, as well as cyto-
solic acidic pH values induced by flooding (Tournaire-Roux et al. 2003), to reduce 
the expression of aquaporins (e.g. Gerbeau et al. 2002), thus reducing the cell-to- 
cell water transport through roots tissues and, ultimately, water losses. Finally, the 
structural function of calcium on cell-walls is a major determinant of the xylem 
vulnerability to cavitation (Herbette and Cochard 2010).

On the other hand, AMFs symbiosis generally results in increased plant transpi-
ration and stomatal conductance rates (Auge, Augé 2001). Among other factors, 
both AMFs and ECMFs may increase water uptake and transport thanks to the 
action of extraradical hyphae. Correspondingly, mycorrhizal plants have been 
reported to withstand drought better than non-mycorrhizal ones (Ruiz-Sanchez 
et  al. 2010). Water use efficiency (WUE) was found to increase as the result of 
increasing assimilation rates in higher proportion than transpiration ones in mycor-
rhizal B. papyrifera seedlings under irregular watering (Birhane et  al. 2012). 
Although similar results have been reported in other species (Shamshiri et  al. 
Shamshiri et al. 2006, Kumar et al. 2016), the impact of mycorrhizae on WUE may 
depend on the plant species (Querejeta et  al. 2003). Mycorrhizae may enhance 
shoot growth in host plants by means of improved nutrition and soil water acquisi-
tion, but below-ground biomass would also change, as far as the combined growth 
of plant roots and fungi mycelia are considered. As a result, alterations in plant 
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allometry as a result of the mycorrhizal infection may have an impact on long-term 
WUE. Moreover, any modification of plant WUE at the global scale may affect the 
hydrological cycle. In fact, it should be taken into consideration that plant transpira-
tion does not only play a role in the hydrological cycle, but it is also a meaningful 
way to cool the atmosphere. A better understanding of the effects of the proposed 
liming and rhizocultural practices on the physiology and use of soil water by mycor-
rhizal plants may, therefore, contribute to achieve better solutions for current agri-
culture, forestry and environmental concerns.

4.4  Conclusions

In summary, agricultural and forestry systems must support the global increasing 
demands of food and fibre, facing at the same time delicate and outstanding issues 
as critical as fertilizers availability, C sequestration, sustainable development, and 
climate change. Therefore, new nature-based solutions are required to perform the 
transition towards a circular economic system and a green society. Rhizoculture 
would lead to decrease fertilization and increase soil C storage, resilience of plants, 
and even agricultural and forest production, through a set of techniques focused on 
intensifying the abundance, biomass, depth, and activity of roots and the symbiotic 
microorganisms and fauna associated to the rhizosphere. The hypotheses supporting 
this rhizocultural approach are based on imitating the promising possibilities of 
some fungal behaviour that alter their environment to favour symbiotic relation-
ships, such as the hypotheses of the “calcium(pH)–induced cholorosis” and the 
“Ca2+ salts paradox”. Therefore, a deeper understanding of calcium salts manage-
ment impacts, along with fungi and soil fauna management, and roots biology, will 
help (if discussed simultaneously) developing new rhizocultural technologies. They 
would also be based on the management of livestock and biomass (to increase ratios 
of symbiotic/saprophytic communities in the soil), agricultural and aquaculture 
residues (applying new recycling technologies), and new socioeconomic systems, 
that may significantly reduce the need for fertilizers. We believe that this approach 
will open the field for discussions on a new management of terrestrial ecosystems 
for the benefit of safe and sustainable food and forest production in a more environ-
mentally friendly way.
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Chapter 5
Impact of Agricultural Land Management 
on Soil Bacterial Community: A Case Study 
in the Mediterranean Area

Annamaria Bevivino and Claudia Dalmastri

Abstract Soil is a complex and dynamic ecosystem whose functionality is related 
to the equilibrium existing among chemical, physical and biological parameters and 
the resident microbial communities. Soil microorganisms play a central role in 
decomposing organic matter, in determining the release of mineral nutrients, and in 
nutrient cycling, and have direct and indirect effects on both crop growth and qual-
ity, as well as on the sustainability of soil productivity. In addition, soil microorgan-
isms substantially contribute to the resistance and resilience of agro-ecosystems to 
abiotic disturbance and stress. Therefore, changes in microbial communities may 
directly affect soil ecosystem function since microbes can respond rapidly to envi-
ronmental changes because of the vastness of microbial biomass and diversity. An 
increasing number of studies have shown how environmental impacts that cause 
modifications in microbial community structure and diversity ultimately affect soil 
biological processes. Agricultural land management is one of most significant 
anthropogenic activities that substantially alter soil characteristics, including physi-
cal, chemical, and biological properties. The present chapter gives a picture of the 
effect of different agricultural management practices on soil microbial community 
structure and function. A case study on the effects of tillage and nitrogen fertiliza-
tion on soil bacterial community structure is also reported.
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5.1  Introduction

Soil is the outermost weathered layer of the earth's crust and supports all terrestrial 
life forms. It is a complex, heterogeneous and dynamic system where lives a large 
variety of microorganisms including bacteria, archaea, fungi, yeasts, microalgae 
and protozoa. The soil microbial community is highly heterogeneous with arguably 
the highest level of prokaryotic diversity of any environment (Delmont et al. 2011). 
The balance of chemical, physical and biological (including microbial) components 
contribute to maintaining soil health. In some instances, detectable changes in soil 
physical and chemical properties can follow changes in microbial populations and/
or activity, thereby providing an early evidence/warning of soil improvement or 
degradation, and making soil microorganisms excellent indicators of soil health 
assessment (Nielsen and Winding 2002).

Soil biological activity is mainly concentrated in the topsoil, the depth of which 
may vary from a few to 30 cm. The biological components (plants roots and soil 
organisms) occupy a little fraction (<0.5%) of the total soil volume with soil micro-
organisms being responsible for a large part of biological activity. Soil microbes 
play an active role in maintaining soil fertility and recycling of nutrients, since they 
are responsible for the decomposition of the organic matter entering the soil and are 
involved in the main biogeochemical cycles, improving plant health and contribut-
ing to higher crop yield (Aislabie and Deslippeet 2013). In fact, certain soil micro-
organisms produce compounds that stimulate the natural defense mechanisms of 
plants, improving resistance to pathogens. The involvement of microorganisms in 
many soil processes makes them suitable to give an integrated measure of soil qual-
ity and health, which cannot be obtained with physical/chemical measures alone.

Anthropogenic activities such as those including agricultural management prac-
tices alter physical and chemical soil properties, which directly affect microbial life 
strategies and bacterial community composition. To detect the effects that differing 
land uses and management strategies undoubtedly have on soil microbial communi-
ties, several techniques are applied, ranging from culture-based to culture- 
independent methods that offer new insights into the phylogenetic and functional 
diversity of microbial assemblages (Tilston et al. 2010).

In this chapter, an emphasis is given to soil microbial composition and function, 
with a focus on the response of soil bacterial communities to different agricultural 
land management options. The ability of an ecosystem to withstand severe distur-
bances may partly depend on its microbial components. Then, the assessment of 
bacterial community composition and structure is at the basis of better understand-
ing their resistance and resilience, and permits to predict the response of soil bacte-
ria to disturbance and to manipulate ecosystem processes (Bevivino et  al. 2014; 
Shade et al. 2012; De Vries and Shade 2013). Finally, a case study of changes in the 
eco-physiological diversity of soil bacteria communities in an agricultural soil 
under long-term tillage system and nitrogen fertilizer application is reported.
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5.2  Composition and Function of Microbial Communities 
in Soil Ecosystems

Soils harbor highly diverse communities of microorganisms (microbiota) which 
include members of each of the three domains of life, Bacteria and Archaea (both 
Prokaryotes), and fungi among Eukarya. Soil microbes are the dominant and highly 
diverse form of life in the soil making up 75–90% of living biomass. It has been 
estimated that every gram of soil contains up to 10 billion microorganisms (Delmont 
et al. 2011) with an estimated value ranging from 103 to 108 (bulk soil) up to 1011 
(rhizosphere) prokaryotic cells (Sikorski 2015). The numbers of Archaea may be 
one to two order of magnitude below the numbers reached by bacteria, which have 
so far been the most extensively studied.

Taxonomic diversity of soil microbial communities is mirrored by the diversity 
of their protein-encoded functions, encompassing a seemingly limitless array of 
physiologies and life history strategies (Fierer et al. 2012). The high heterogeneity 
of soil environment represents the primary factor driving the enormous diversity of 
soil microbial life; i.e., the different components of the solid fractions in soil (sand, 
silt, clay, and organic matter) provide myriads of different microhabitats (niches) 
that differentially select bacteria and/or fungal types. Also, horizon development 
with soil depth provides a readily observable change in important soil characteris-
tics that are known to have a profound effect on soil properties and in microbial 
community composition (Michel and Williams 2011). Microbial communities 
change along the soil depth profile due to the different environment of each horizon 
concerning nutrient and water availability, soil structure, organic matter content, 
pH, temperature, and oxygen. Even if microbes exist throughout the soil profile, 
they are mostly abundant in surface soils, plants rhizosphere, and around 
macropores.

Bulk soil is characterized by oligotrophic, carbon-limited environments, whilst 
rhizosphere soil is rich in organic nutrients. The higher microbial biomass of rhizo-
sphere soil in respect to bulk soil is likely due to the greater availability of substrates 
for microbial growth. In fact, actively growing roots secrete a diverse array of 
organic root exudates that stimulate the growth of microbial populations present at 
the soil-root interface (i.e., rhizosphere). Then, the structure of soil microbial com-
munity is distinct from that in the bulk soil, with an increased presence of bacteria 
establishing positive interactions with plant roots, such as plant growth promoting 
rhizobacteria (PGPR). The vast majority of soil microorganisms are heterotrophic 
bacteria which rely on organic matter for energy and nutrients (Aislabie and 
Deslippeet 2013). Based on life strategies, they can be divided into r-strategists or 
zymogenous (microorganisms that rapidly grow in response to availability of a 
resource/substrate, being able to colonize unstable ecosystem) and K-strategists or 
autochthonous (microorganisms that use the resources slowly but more efficiently, 
being persistent in stable/mature ecosystems) (Pianka 1970).
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Basically, the r-strategists are Gram-negative bacteria and also considered to be 
opportunistic since they require access to readily available organic matter, while 
K-strategists, which are able to survive with a low supply of nutrients, are mostly 
Gram-positive bacteria (Van Elsas et al. 2007). It is well known that many oligotro-
phic microorganisms (such as many members of the Acidobacteria) may be r- 
strategists, while many copiothrophic microorganisms (such as many members of 
the β-Proteobacteria and Bacteroidetes) may be K-strategists. This classification is 
useful for understanding soil C dynamics but cannot be related directly to a particu-
lar taxon since microorganisms can switch growth strategies in a complex environ-
ment such the soil. The same soil bacteria can alternate between these two states, 
depending on the nutrient supply resulting in a reversible transition between the r 
and K states (Stenström et  al. 2001). As suggested by Dorodnikov et  al. (2009), 
changes in growth rates of the whole microbial community after amendment with 
easily available substrates can reflect the shift toward r or K types. To provide new 
insights into the taxonomic and functional diversity of soil microorganisms it is 
necessary to analyze in depth the population structure, determining the number of 
species (taxa) present (richness) and their relative abundance, i.e. the distribution of 
individuals within the various species (evenness), and their physiological role in 
connection with the environment and other microorganisms (Tiedje et al. 1999).

Currently, the majority of soil microorganisms cannot be cultured via traditional 
laboratory techniques and can only be investigated by using molecular methods. 
Before the exploring of the taxonomic diversity and composition of soil microbial 
communities using polymerase chain reaction (PCR)-based approaches, 
Agrobacterium, Alcaligenes, Arthrobacter, Bacillus, Flavobacterium, 
Micromonospora, Nocardia, Pseudomonas and Streptomyces were considered to be 
the principal genera of soil bacteria, based on cultivation studies. Following the 
application of molecular ecological methods, that have allowed cultivation- 
independent investigations of soil microbial communities, members of the above 
nine genera together make up only 2.5 to 3.2% of soil bacteria (Janssen 2006). The 
dominant phyla in the libraries were Proteobacteria, Acidobacteria, Actinobacteria, 
Verrucomicrobia, Bacteroidetes, Chloroflexi, Planctomycetes, Gemmatimonadetes 
and Firmicutes, with members of the two first phyla representing the most abundant 
soil bacteria (making-up an average of 39% and 20% of libraries derived from soil 
bacterial communities, respectively). Otherwise, members of Bacteroidetes, 
Firmicutes, and Planctomycetes, are less abundant, with an average of 7%, 5% and 
2% respectively (Janssen 2006). The majority (79 to 89%) of 16S rRNA gene 
sequences were from bacteria that were not affiliated with known genera, and  
some of these were associated with well-studied lineages of bacteria, such as 
Actinobacteridae, Flavobacteria, Sphingobacteria, Bacilli, Clostridia, 
a- Proteobacteria, β-Proteobacteria, γ-Proteobacteria and δ-Proteobacteria.

Soil microbes play diverse and often critical functions in soil ecosystems. The 
roles of soil microbes are highlighted in the cycling of the main biological elements 
(C, N, P), in the recycling of wastes, and the detoxification of environmental pollut-
ants. Soil microbes contribute to soil formation through nutrient cycling and organic 
matter production, can support plant growth through increasing nutrient availability 
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and by outcompeting invading pathogens, maintain soil fertility trough recycling 
nutrients, modulate the carbon storage capacity by mineralizing soil carbon and 
nutrients, and serve as repositories of genetic information, providing ecosystem ser-
vices which are fundamental for human persistence (Aislabie and Deslippeet 2013).

In the last decade, the application of metagenomic approaches permitted to ana-
lyze microbial diversity and identify metabolic pathways and catalytic potential of 
the complex soil microbial communities, providing insight into the long-standing 
questions of “who’s there?”, “what are they doing?”, “how sensitive are soil micro-
bial communities to changing agriculture management and/or land use?”, and “what 
are the dynamics of microbial communities in space and time?” (Myrold et al. 2014; 
Nesme et al. 2016). However, the large majority of metagenomic studies often mea-
sures the abundance and diversity of functional groups or genes associated with few 
relevant functions but this information is not always accompanied by the character-
ization of the new species’ niche spaces. Microbial systems are responsible for the 
provision of a wide range of crucial ecosystem services, but little is known about the 
role of diversity in maintaining this function (Jurburg and Salles 2015). Furthermore, 
the link between phylogeny and function is often cut for prokaryotes, where hori-
zontal gene transfer allows for the acquisition of functions associated with adapt-
ability to new environments. Indeed, the ecosystem function of soil microbial 
communities demands much attention.

5.3  Agricultural Land Management Land Use and Soil 
Microbiota

Agricultural land management includes some of the most significant anthropogenic 
activities that alter soil physical, chemical, and biological properties, profoundly 
affecting microbial metabolism and survivor. The different members of a defined 
microbial community respond to these stresses with changes in population structure 
that further influence the ecosystem so that, ultimately, modification will be perma-
nent with repercussions on the whole system, including plants and mammalians. In 
this scenario, the knowledge of structure dynamics of soil microbiota makes them 
useful as early indicators of soil quality and ecosystem stability concerning differ-
ent soil uses.

5.3.1  Different Land Uses and Agriculture Managements

Land-use intensification includes the main drivers of biodiversity changes in soil 
ecosystems. Different managements and land use changes, such as the conversion 
of forest and pasture into cropped land, have ecosystem-scale impacts on soil 
cycling of organic compounds, biodiversity and soil nutrient dynamics (Bevivino 
et al. 2014; Dupouey et al. 2002; Houghton and Goodale 2004; Parfitt et al. 2003) 
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that result in shifts in composition and function of soil microbial communities. 
Agricultural practices regarding soil nutrient management such as fertilization, 
 tillage, agronomic practices and land uses are below described.

Chemical fertilizers (nitrogen, phosphorus, and potassium) enhance crop yield 
but also may result in shifts in the functionality and quality of soils by directly or 
indirectly changing their physical and chemical properties, and structure and diver-
sity of microbial populations. A strict connection between soil microbial communi-
ties and the levels of phosphorus and soil moisture as well as their enzymatic 
activities has been widely described. Luo et al. (2016) suggested that microbes play 
important roles in determining the fertility of nitrogen-free fertilizer rice soils. In 
addition, functional diversity and evenness of soil bacterial communities were sig-
nificantly higher in organically cultivated land than in chemically fertilized soil and 
fallow grassland, suggesting an improvement in soil quality (Chaundry et al. 2012). 
Although previous studies have examined well the response of soil microbial com-
munities to single chemical fertilizer, only very few studies have explored the 
impact of the combination of chemical fertilizers on soil microbial biomass and 
composition suggesting that both N and P additions had different effects on soil 
microbial community and, thus, probably altered ecosystem functioning (Li et al. 
2015).

Tillage is a common agricultural practice affecting soil structure -increases in 
bulk density and decreases in porosity-, and therefore biological properties. So, 
intensive tillage reduced the bacterial diversity due to the interruption of physical 
diversity of the soil environment (Acosta-Martínez et al. 2011), with negative con-
sequences on the recycling of nutrients and proper balance among organic matter, 
soil organisms and plant diversity, that are necessary components of a productive 
and ecologically balanced soil environment (Hendrix et al. 1990). The ecological 
impact of management practices has been demonstrated as being a consistent source 
of disturbance on soil ecosystems (Hobbs and Hueneke 1992). Cropping system 
profoundly affects soil microbial biomass. So, microbial C and N and enzyme activ-
ities can be more affected by crop rotation than tillage management, as observed 
with sorghum in sandy soil in a semi-arid region where dry-land cropping system 
was required for a sustainable agricultural production (Acosta-Martínez et al. 2011).

In general, continuous monoculture systems tend to reduce soil organic matter 
due to low organic inputs and disturbance from tillage practices while crop rotations 
have positive effects on soil properties related to the higher C inputs and diversity of 
plant residues returned to soils in comparison with continuous systems (Miller and 
Dick 1995). For instance, integrated cotton (Gossypiumhirsutum) cropping and live-
stock production systems in West Texas were shown to provide more sustainable 
alternatives to the traditional continuous cotton system and improve soil quality 
(Acosta-Martínez et  al. 2004). Organic and reduced-tillage management systems 
are aimed at favoring greater increases in soil microbial biomass and more diverse 
microbial communities with higher substrate utilization efficiency than with con-
ventional management (Ghimire et al. 2014). In general, the root exudation pro-
duced by crops used in rotation systems varies with plant age and genotype, and 
consequently specific microorganisms respond and interact with different host 
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plants, so explaining the effects of crop rotation and change in land-use on soil on 
soil microbial communities (Bergsma-Vlami et  al. 2005; Chiarini et  al. 1998; 
Dalmastri et al. 1999; Di Cello et al. 1997; Ramachandran et al. 2011).

Changes in land-use practices impact soil microbial community structure (Lauber 
et al. 2013). When forests are converted to grasslands, and grasslands turned into 
agricultural lands, a significant effect on chemical and structural composition of soil 
organic matter, as well as a sharp switch from one type of soil microbial community 
to another one occurred. For instance, in a typical Mediterranean ecosystem, domi-
nated by Quercus suber L., the microbial composition was found to change in 
response to five different land uses along with seasonal changes (Bevivino et al. 
2014). Change in land use not only alters the taxonomic structure of soil microbial 
communities, but also their functional gene composition, as also reported in a study 
on the Amazon rainforest (Paula et al. 2014). Forest to pasture conversion varied the 
diversity significantly across functional gene groups, with genes linked to carbon 
and nitrogen cycling mostly altered, raising concerns about impacts of land use 
change at an ecosystem scale. Then, land-use type and, in particular, differences in 
vegetation dynamics have a role in modulating the temporal variability in soil bacte-
rial communities (Lauber et al. 2013). Microbial communities result to be very dif-
ferent between managed and unmanaged agricultural systems. Conversion of the 
tidal wetlands into agricultural land was followed by a significant increase in micro-
bial biomass and changes in diversity patterns that were more pronounced than 
those in functional gene abundances (Bannert et al. 2011).

In summary, different land uses and agriculture managements can cause 
decreased microbial production and biodiversity changes in microbial community 
composition, which can be seen even decades after the anthropogenic disturbance 
(Atlas et al. 1991; Buckley and Schmidt 2003).

5.3.2  How Microbes Respond to Land Uses

Environmental disturbances in general, and in particular different land uses and 
agriculture treatments as seen above, alter the microbial community composition, 
and land-use change is considered one of the main drivers of biodiversity changes 
in grassland ecosystems. So, it is crucial to understand how soil microorganisms 
respond to anthropogenic disturbance.

Responses of microbial populations to disturbances may include resistance or 
resilience (Griffiths et al. 2001; Westergaard et al. 2001). When the microbial com-
munity is not altered after a disturbance, it is considered to be resistant. Otherwise, 
when the community changes, but recovers and returns to the original state, it is 
deemed to be resilient. Soil microbiota response to land-use changes is correlated to 
microbe growth strategy since r-strategists require access to readily available 
organic matter, while K-strategists are able to survive with a low supply of nutrients 
(Van Elsas et al. 2007).
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When toxic stress occurs in an ecosystem, the functions can be maintained by the 
replacement of sensitive with tolerant populations. Indeed, microbial communities 
may change in composition without any effects on microbial processes, since differ-
ent microbial groups carry out the same functions, a phenomenon known as “func-
tional redundancy” (Allison and Martiny 2008). The fact that ecological functions 
of different bacteria may overlap in the community (Botton et al. 2006) favors the 
persistence of the same functions even if changes occur, thanks to the activity of 
microbes which are resistant to changes/stress. Indeed, it is not the species composi-
tion but the functional aspect of the microbial community that is critical to maintain 
(Øvreås 2000). Therefore, diversity represents a large resource in the soil as well as 
in any natural habitat, and diverse communities are considered to be more resistant 
to environmental disturbances. However, the great diversity does not necessarily 
ensure functional stability in microbial communities (Peterson et al. 1998). In most 
cases, perturbations can alter microbial community structure resulting in permanent 
changes in microbial processes like nutrient cycling, decomposition, and energy 
flow. Substantially, any shifts in population structure will have consequences on 
ecosystem function, when the tolerant microorganisms fail to compensate for bio-
geochemical functions usually carried out by inhibited or eliminated microbial 
groups (Widenfalk et al. 2008).

In general, bacterial diversity is reduced by agricultural and management prac-
tices such as continuous monoculture, which can reduce soil organic matter because 
of low organic inputs systems (Miller and Dick 1995), and tillage (Acosta-Martínez 
et al. 2010). Soil bacterial communities showed a more stable structure in soils sub-
jected to low human inputs (cork-oak forest and pasture) than in those with high 
human inputs (vineyards and managed meadow) (Bevivino et al. 2014). Differences 
in class composition across the site were also observed suggesting that the microbial 
composition changes in response to land use. In fact, seven classes (α, β and 
γ-Proteobacteria, Sphingobacteria, Flavobacteria, Actinobacteria and Bacilli) 
were present in the vineyard, cork-oak forest and pasture soils, while all classes but 
α-Proteobacteria in tillage vineyard and all classes but Sphingobacteria in managed 
meadow were found.

Investigation of bacterial and archaeal communities involved in inorganic nitro-
gen turnover in a study concerning the conversion of tidal wetlands into agricultural 
land for rice cultivation, showed higher abundances of ammonia-oxidizing microbes 
in the tidal wetland whereas fifty years of paddy management resulted in an increase 
of nitrogen-fixing bacteria (Bannert et al. 2011). Conversely, the functional diver-
sity of denitrifying strains isolated from various rice paddy soils was minimally 
affected by crop rotation (Tago et al. 2011). The genus Pseudogulbenkiania was 
dominant at all locations, suggesting that Pseudogulbenkiania denitrifiers are ubiq-
uitous in various rice paddy soils. Similarly, potential denitrifying activity was simi-
lar among the strains, regardless of the differences in taxonomic position and soil of 
origin (continuous cultivation of rice vs. rotational cultivation of rice and soybean), 
indicating that soil and other environmental factors, excluding cropping systems, 
could select for N2-producing denitrifiers.
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Also, organic amendments were found to influence the functional diversity and 
community structure in the soil enhancing soil suppressiveness and crop yield 
(Bonanomi et al. 2014; Pane et al. 2013). Diverse groups of microorganisms such as 
Proteobacteria, Bacteroidetes and Gemmatimonadetes were activated by its use 
(Chaudhry et al. 2012). Furthermore, an increase in Proteobacteria and Ascomycota 
groups and a reduction in Acidobacteria and Mortierellales were observed in soil 
subjected to composted almond shells as organic amendment. Also, genes related to 
the carbon cycle and other important soil processes had a higher significant relative 
abundance for amended soils as revealed by the functional GeoChip analysis (Vida 
et al. 2016). Interestingly, a group of specific probes included in the “soil benefit” 
category was found to be present only in almond shells-amended soils, correspond-
ing to specific microorganisms described as potential biocontrol agents, such as 
Pseudomonas spp., Burkholderia spp., or Actinobacteria.

Finally, a decrease in both methanotroph (CH4-oxidizing bacteria) diversity and 
methane consumption was observed in soils managed for row-crop agriculture 
when compared with native deciduous forests and never tilled soils managed as 
grasslands (Levine et al. 2011). This supports the fact that one of the most important 
drivers of species loss in terrestrial ecosystems worldwide is the simplification of 
ecosystem structure due to intensified land use (Sala et  al. 2000). Conversely, a 
similar relationship between soil respiration and bacterial richness was not found, 
consistent with the prediction that microbial diversity is more likely to be important 
in specialized metabolic processes rather than in broadly distributed types of metab-
olism and that specialized processes are better targets for microbial mediation.

5.3.3  Detection of Microbial Response

Since the ability of soil ecosystem to withstand serious disturbances partly depends 
on its microbial components, characterizing bacterial community composition and 
structure will help to better understand and manipulate ecosystem processes.

Different approaches can be followed for studying diversity and community 
structure and evaluating dynamics processes at a global level or at the level of dis-
tinct taxonomic groups, for identification and typing, and for functional character-
ization. First of all, we need to distinguish between culture-based techniques and 
molecular assays which do not require cultivation. Culture-based techniques such as 
traditional plate counting can be used to enumerate microbial cells in a sample but 
they are limited by the fact that around 99–99.9% of the total microscopically count-
able bacterial cells in one gram of soil is not cultivable by standard culturing tech-
niques (Hugenholz and Tyson 2008; Torsvik and Øvreås 2002). This is what has 
been described as “The Great Plate Count Anomaly” (Staley and Konopka 1985). 
The bacterial colony development method was used to determine eco-physiological 
differences in microbial communities in soil (De Leij et al. 1994) by using the con-
cept of r/K strategy that attempts to explain changes in microbial community structure, 
including microbial shifts from r-strategists (copiotrophs) to K-strategists (oligotrophs). 
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To characterize the microbial communities, the ecophysiological index (EP, a modi-
fication of the Shannon diversity index) was calculated as described by De Leij et al. 
(1994). Indeed, based on these techniques, some studies on factors affecting soil 
communities were previously performed (Bevivino et al. 2014; Krzyżak et al. 2013; 
Papaleo et al. 2015).

One of the widely used culture-dependent methods is the community-level phys-
iological profiles (CLPP) by the BIOLOG system, i.e. the Biolog Eco-Plates™ to 
measure the carbon substrate utilization patterns of microbial communities. Even if 
this culture-based method is more useful for comparing the general structure and 
the functional potential of soil microbial communities than for community charac-
terization (Garland 1997; Preston-Mafham et  al. 2002), it provides an exciting 
opportunity to overcome the drawbacks of conventional time consuming culture- 
based analyses or biochemical tests.

To overcome problems associated with non-culturable bacteria, various methods 
have been developed (Kirk et al. 2004). Detection of soil microbiota changes is cur-
rently performed by means of genetic fingerprinting methods that generate a profile 
of microbial communities based on direct analysis of PCR products amplified from 
soil DNA (Rastogi and Sani 2011). These techniques include denaturing-gradient 
and temperature-gradient gel electrophoresis (DGGE/TGGE), single-strand confor-
mation polymorphism (SSCP), random amplified polymorphic DNA (RAPD), 
amplified ribosomal DNA restriction analysis (ARDRA), terminal restriction frag-
ment length polymorphism (T-RFLP), length heterogeneity PCR (LH-PCR), and 
ribosomal intergenic spacer analysis (RISA), and produce a community fingerprint 
based on either sequence or length polymorphism. They all make possible to assess 
the association between molecular community fingerprints and environmental 
changes, and to follow the microbial community responses to a defined stress. 
Molecular analysis performed on total 16S rDNA present in the population fur-
nishes a picture that is characteristic of defined conditions and permits to detect 
rapid changes as response to disturbances. Similarly to ecophysiological indexes, 
molecular indexes (Richness index, R; Shannon-Weaver index of general diversity, 
H’; Simpson index of dominance, D) are applied to elaborate profiles obtained in 
the different situations (Bevivino et  al. 2014). The recent developments in new 
sequencing chemistries, bioinformatics, and instruments technologies have revolu-
tionized the field of soil microbial ecology, providing researchers with the ability to 
assess bacterial diversity at lower costs, and quicker turnaround than prior 16S 
rRNA and sequencing methods (Shange et al. 2012). Barcode sequencing of 16S 
rDNA performed on total microbial DNA from soil samples enables to evaluate the 
diversity based on Operation Taxonomic Units (OTUs) composition as well as to 
assess their taxonomic status, and to further individuate molecular markers of 
changing.

Understanding how microbial communities function in natural environments is a 
central goal in microbial ecology. Given that metabolic function of indigenous 
microbes are essential to guarantee soil wellness and resilience, it is fundamental 
their knowledge also in the perspective of a correct soil management in agriculture. 
In addition to the conventional biochemical analysis of metabolites/enzymes, 
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 investigation of functional gene composition can be performed in soil population 
(Paula et al. 2014). Indeed, the currently used enzymatic activity measurements are 
not able to provide either the taxonomic information from the microbial community 
or probe the function from a specific microbial group (Luo et al. 2016). Analysis of 
total RNA extracted from environmental samples enables to assess microbial popu-
lations reaction at the transcription level providing more valuable information than 
DNA in revealing active microbial communities versus dormant microbial commu-
nities (Torsvik et al., 2002). This kind of analysis put in evidence changes in the 
expression/production of metabolites/proteins but does not permit to assess if 
changes occurred at the taxonomic level. Therefore, different approaches are needed 
to discover if new/different bacteria (taxa) get the better of previous ones providing 
for maintaining functional processes (resilience).

Comparative analysis of results obtained by 16S rDNA and functional genes 
investigation will enable to assess shifts occurring in taxonomic composition and 
responsible of functional changes. The development in metagenomic approach 
(which investigate the collective microbial genomes retrieved directly from envi-
ronmental samples) open the way to previously unknown scenarios to detect micro-
bial activities in microbes without requiring their cultivation since gives the 
possibility to analyze the meta-community dynamics and to identify markers of soil 
microbiota changes in response to the different land uses and treatments (Hugenholtz 
and Tyson 2008). In spite of the trend to give up traditional methods for molecular 
approaches, their importance cannot be forgotten since a profound knowledge of 
microbial ecosystem requires the ability to cultivate the resident microorganisms for 
studying individual strains given their possible application as soil status indicators. 
So, data from microbiota analysis will be helpful also in the perspective to improve 
cultivation techniques.

5.4  A Case Study in the Mediterranean Area

5.4.1  Introduction

Tillage practice represents one of the main factor affecting soil microbial commu-
nity structure and activity. The altered soil physical and chemical conditions under 
conservation tillage result in significantly higher soil organic matter contents com-
pared with conventionally tilled soils, then increasing microbial population and 
activity as well as microbial biomass (Mathew et al. 2012).

In the present work, we aimed at assessing the impact of applying no tillage (NT) 
compared with conventional tillage (CT), along with two fertilizer treatments on 
silty clay soil bacterial communities in a rain-fed Triticum durum and Zea mays 
rotation under temperate sub-Mediterranean conditions in a silty clay soil, in which 
crop residues were left on the soil (NT) or incorporated (CT). We considered the 
relative abundance of r- and K-strategists to assess the resistance and resilience of 
microbial communities in respect to changes due to soil management. The central 
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hypothesis was that long-term use of no-tillage practices along with nitrogen 
 fertilizer application would cause shifts in soil microbial community structure rela-
tive to conventional tillage practices.

5.4.2  Experimental Design and Methods

Sampling was performed at the “Pasquale Rosati” experimental farm of the 
Polytechnic University of Marche in Agugliano (AN) (43° 32′ N, 13° 22′E, 100 m 
a.s.l.) in the coastal hills of Marche, Italy (De Sanctis et al. 2012; Seddaiu et al. 
2016). The Agugliano soil is a Calcaric Gleyic Cambisol with 20% slope, which in 
the first 30 cm has an Ap horizon (that is the homogeneous layer due to plowing) 
and a clay-silt texture (Lagomarsino et al. 2009).

The soil sampling was carried out in the frame of a National Research Project 
(SOILSINK Project) and soils used in this study were collected under consent of the 
landowners.

A split-plot with randomized blocks was designed to compare CT system (40 cm 
deep ploughing) with NT (sod seeding with chemical desiccation and chopping) 
and two fertilizer treatments (70 Kg/ha P2O5 with or without 90 Kg/ha NH4NO3) 
(Fig. 5.1). The soil samples were collected during wheat (Triticum durum L.) in 
autumn (October) in rotation with maize (Zea mays L.) in late spring (June). Five 
randomly replicates at each season and for each soil type (each one as a composite 
sample of 5 soil cores) were performed for a total of forty soil samples (5 replicates 
× 4 soil types × 2 seasons). After removal of litter layer, soil core samples (50 to 100 g; 
diameter, 5 cm) were taken at 20 cm depth, using a 5-on-dice sampling pattern 

Fig. 5.1 The experimental area in the “Pasquale Rosati” experimental farm in Agugliano, Italy 
(gently provided by Prof. Pier Paolo Roggero and colleagues in the frame of the SOILSINK 
Project)
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with ca. 70 m distance between each sampling point. Soil samples were immedi-
ately sieved (<2 mm) to remove fine roots and large organic debris, air dried and 
transported to the labs for microbiological analysis. The soil physical and chemical 
characteristics of the experimental areas are reported in Tables 5.1 and 5.2.

All soils had similar texture (clay soil), pH soil (8.1-8.4) and low C/N ratio (7.82- 
8.67). Differences were present in organic matter and nitrogen amounts; in particu-
lar, NT plots had a higher amount of organic matter and N-tot (1.4 g/kg) than CT 
plots, while nitric N was higher in CT soils than NT soils.

Soil bacterial community analysis was performed on five soil replicates for each 
treatment. Bacterial cell extraction was performed according to the recommenda-
tions of Smalla et al. (2001) with minor modifications as reported in Bevivino et al. 
(2014).

To determine the changes in the structure of cultivable fraction of soil bacteria, 
the r/K-strategy concept proposed by De Leij et al. (1994) was used. Colonies were 
enumerated at 1, 2 and 6 days of growth on 0.1 Tryptic Soy Agar  (TSA), generating 
three counts (classes) per sample (C1, C2, C3).

The biodiversity of soil bacterial populations was investigated by using the Eco- 
Physiological (EP) index, that is a measure of both richness (i.e. total number of 
species in the community) and evenness (i.e. how evenly individuals in the com-
munity are distributed over the different species) of groups of microorganisms with 
similar developmental characteristics (De Leij et  al. 1994). Bacterial population 
data (CFU/g of soil) were log transformed and subsequently analysed by one-way 
ANOVA (GraphPad Prism 7 Software). Percentage data of EP index value were 
logit-transformed, as follows: Logit (p) = log [p/(1-p)] for the proportion p, and 
compared using one-way ANOVA (GraphPad Prism 7 Software).

Table 5.1 Physical soil characteristics

Wheat-maize 
rotationa

Sand  
(g/kg)

Silt  
(g/kg)

Clay  
(g/kg)

Soil 
texture

Soil  
(pH)

Field capacity  
(% vol)

NT-0 105 512 383 Silty-clay 8.4 41.9
NT-90 103 403 494 Clay 8.4 42.5
CT-0 248 373 379 Clay loam 8.1 41.1
CT-90 249 353 398 Clay 8.1 41.7

aCT conventional tillage, NT no tillage; 0, without nitrogen fertilization; 90, with nitrogen fertiliza-
tion (Pastorelli et al. 2010; Landi et al. 2011)

Table 5.2 Chemical soil characteristics

Wheat-maize 
rotation C org (g/kg) N tot (g/kg) Nitric N (mg/kg) OM C/N CEC (Meq/100g)

NT-0  5.0 0.8 2.05 1.18 7.82 24.07
NT-90  7.1 0.9 2.43 1.13 8.09 22.51
CT-0 11.8 1.4 1.36 1.78 8.43 23.28
CT-90 12.7 1.4 1.41 2.01 8.67 21.7

C org total organic carbon, N tot total nitrogen, OM organic matter, CEC cation exchange capacity
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5.4.3  Results and Discussion

The four differently managed have similar characteristics, such as clay texture, pH 
and low C/N ratio, while they differ in some parameters resulting from the field’s 
agricultural use. In the two seasons examined, a high diversity of colony morphol-
ogy was observed in no-tilled system (data not shown).

The total microbial density ranged from 7.89 × 105 to 1.16 × 107cfu g−1 of soil. 
No significant differences were found in total microbial density in respect to both 
season and soil management (Fig.  5.2). A significant variation of EP-Index was 
found between N-fertilized and unfertilized soil in conventional tillage (CT) system 
(p < 0.05) while no significant differences in EP-Index were found in respect to both 
season and soil management (tilled vs. no-tilled soils) (p > 0.05) (Fig. 5.2).

In June, conventional tillage system in fertilized soil seemed to favor slow growers 
(K-strategists, oligotrophic bacteria) whilst no-tillage treatment positively affected the 
fast growers (r-strategists, copiotrophic bacteria) (Fig.  5.3). Nitrogen fertilization  
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significantly affected the abundance of r-strategists in CT soils (P  =  0.0002); in 
 particular, N-fertilization reduced the abundance of k-strategists whilst increased 
abundance of r-strategists.

Overall, the investigation of the eco-physiological diversity of soil bacteria com-
munities in relation to tillage system and nitrogen fertilizer revealed that only 
N-fertilization affected the relative abundance of r-K strategists as well as the even-
ness of population distribution and richness of the microbial community. We can 
conclude that N fertilization is able to increase the soil organic carbon level, particu-
larly under conventional tillage, affecting soil microbial community structure. This 
study demonstrated that tillage systems along with different N fertilization rates 
influence soil microbial communities. Further research is needed to determine the 
impact of tillage-driven changes on soil microbial community composition and 
their dynamics.

5.5  Conclusions

In conclusion, diverse agricultural practices differently impact the microbial com-
munity resident in different soils. Given the role of soil microbes in soil safeness 
and function, there is the need to improve our knowledge about the ecology of 
microbial populations for proper agriculture management, at both levels of whole 
population structure and defined taxonomic/functional groups, such as those 
involved in inorganic nitrogen turnover and biogeochemical cycles. Clearly, a holis-
tic approach taking into consideration all of potential factors and drivers is neces-
sary when examining the structure–function relationships of soil microbial 
communities to improve understandings of controls and functioning of below- 
ground processes.
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Chapter 6
A Metagenomic Study on the Effect 
of Aboveground Plant Cover on Soil Bacterial 
Diversity

Mariantonietta Colagiero, Isabella Pentimone, Laura Cristina Rosso, 
and Aurelio Ciancio

Abstract To study the effect of cropping and plant cover on soil microbial diver-
sity, three adjacent sites characterized by the same soil, but differing for land use 
and cover, were sampled at Carovigno (Brindisi). Soil samples were collected from 
a traditional greenhouse producing horticultural crops, a close olive grove and an 
adjacent Mediterranean (Quercus ilex) forest spot. The soil bacterial communities 
from replicated samples were identified with a metagenomic Next Generation 
Sequencing (NGS) approach. Total RNAs were extracted from 2 g soil subsamples 
and the V3-V4 hypervariable regions of the 16S rRNAs were sequenced with the 
Illumina MiSeq technology. A total of 2.46 ∙ 106 reads was produced from 13 sam-
ples, of which 85% passed the quality threshold, yielding an average of 97–239 ∙ 103 
reads per sample. Almost all (99%) sequences belonged to the Kingdom Bacteria, 
and 30% were informative up to the species level. Using the Greengenes classifica-
tion system, the average number of species per sample was around 103. Most repre-
sented phyla in all samples were Proteobacteria, Actinobacteria, Firmicutes, 
Planctomycetes and Verrucomicrobia, with α-, β- and γ-Proteobacteria as most rep-
resented classes. NGS data showed that samples from cultivated soils (olive and 
vegetables) had higher frequencies (5–10%) of Bacillales, which were under- 
represented in the Mediterranean forest. Data analysis at the species level identified 
changes in the bacterial composition at deeper taxonomic levels, related to agricul-
tural practices.
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6.1  Introduction

Soil biodiversity plays a fundamental role in the ecology of plants, underpinning a 
variety of ecosystem services. The identification of the soil microbial components 
and their interactions with other telluric organisms (mainly invertebrates) are useful 
to improve or forecast the effects of soil environment and ecosystem management. 
It is generally recognized today that thousands of microbial taxa may be found in a 
few g of soil. Bacteria represent the most numerous organisms inhabiting soil. A 
few g of soil may contain billion bacterial cells, including species inhabiting spe-
cific niches and present at very low densities (Paul and Clark 1996).

For many years, studies carried out on bacterial biodiversity and related metabo-
lism were based on isolation and cultivation, usually performed on artificial sub-
strates. However, by this way, only a small fraction of organisms present in a given 
ecosystem can be studied, and in particular only the cultivable ones (Pace et  al. 
1986). New molecular biology procedures facilitated nowadays the study of entire 
microbial communities from a wide range of niches, including soil and plant rhizo-
sphere. By means of metagenomic analyses we can directly sequence the genetic 
material extracted from an environmental sample, which is representative of its spe-
cies composition and abundance (Turnbaugh et al. 2009). A huge amount of data is 
produced by this approach, whose analysis and interpretation represent a real chal-
lenge. Extracting and sequencing all the nucleic acids present in soil is thus only the 
first step of metagenomics analyses, which have to be integrated by the application 
of advanced bioinformatic and statistical tools.

We have applied this approach to study the effect of cropping and plants on soil 
microbial diversity, in three adjacent sites only differing for land use and vegetation 
cover.

6.2  The Metagenomic Approach

Next-Generation Sequencing systems, such as IlluminaTM, are today standard tools 
of choice for in-depth analysis of microbiome, in various environments. 
Metagenomics allow the simultaneous analysis of one or more genes from all organ-
isms (metagenome) present in a given sample or environment. The study of micro-
bial diversity by these methods allows access to vastly more information than 
previously obtainable. Within the wide range of metagenomic study types, those 
based on sequencing of 16S ribosomal RNA variable regions (16S rRNA) represent 
the most frequent choice for taxonomic purposes (Pace et al. 1986). They allow the 
identification of the bacterial taxa present in a microbial community and of their 
relative abundance. Examples of metagenomic studies involve the microbial popu-
lations present in ocean waters (Huber et al. 2007; Sogin et al. 2006) or underground 
(Urich et al. 2008), as well as the comparative characterization of the microflora 
from the human oral cavity (Keijser et al. 2008) or gut (Turnbaugh et al. 2008).
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99

The 16S rRNA gene is generally used in molecular phylogenetic studies and 
biodiversity. Its structural organization based on 1542 nucleotides (Fig. 6.1), offers 
conserved and specific hypervariable regions.

The latter represent recognition sequences used to evaluate the genetic diversity 
within microbial communities and to determine the phylogenetic relationships 
along large evolutionary distances. Similarly, the conserved sequences allow to 
design universal primers, which are used in the DNA amplification reactions 
(Backer et al. 2003).

Using the MiSeq™ System Illumina platform (www.illumina.com/miseq) it is 
possible to sequence both ends of two adjacent hypervariable regions like the V3-V4 
of the 16S rRNA gene, which is about 460 nt long. The region of interest is ampli-
fied using the primers 319F 5′-CCTACGGGNGGCWGCAG-3′ (forward) and 806R 
5′-GGACTACHVGGGTWTCTAAT-3′ (reverse) to which unique adapters for each 
sample are anchored (Fig. 6.2). The sequencing (called “shot-gun”) produces a high 
number of sequences that must be reassembled and analyzed by bionformatic tools.

C1

1 100 200 300 400 500 600 700

nt position

Conserved Invariant Variable

800 900 1000 1100 1200 1300 1400

C2 V3 V4C3 C4 V5 V6C5 C6C7V7 V8 C8 V9 C9V1 V2

Fig. 6.1 A schematic representation of the bacterial 16S ribosomal RNA gene (16S rRNA). The 
variable regions are highlighted in blue, those preserved are shown in pink. The black region is an 
invariant motif, found in all Bacteria

Fig. 6.2 Amplification scheme of the hypervariable regions V3-V4 of the 16S rRNA gene, on 
MiSeq™ platform (Adapted from Illumina™)
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6.3  Bioinformatic Tools

The study of the information content of DNA is the ultimate goal of bioinformatics. 
Application software tools, including open source freeware that has been developed 
and made available on the internet, can be used for the analysis of NGS sequencing 
data. The first analytical step involves the formation of contigs joining the single 
reads of the V3-V4 region of the 16S rRNA gene produced by the sequencing plat-
form in two opposite directions (Pace et  al. 1986). For this purpose, we used 
PandaSeq Assembler (https://github.com/neufeld/pandaseq) (Masella et al. 2012). 
Since the Illumina platform can generate sequences of amplicons in a paired-end 
format, the assembly requires a correspondence in the overlapping regions of two 
opposite reads, in order to produce the correct sequence (Bartram et  al. 2011). 
PandaSeq uses as input the Illumina data in FASTA format, overlapping the reads 
for the reconstruction of the contig (the entirely assembled fragment from the origi-
nal sequence). The mounting is extremely fast, and millions of paired-end sequences 
may be assembled quickly. The contigs formation is necessary to proceed further 
with the processing through a series of modules. The sequences are assembled for 
the final analysis that will lead to the taxonomic identification and evaluation of 
species biodiversity and distribution, depending on the different samples and treat-
ments. For data analysis, we used the software QIIME (Quantitative Insights Into 
Microbial Ecology, http://qiime.org/), an open-source application that allows the 
analysis of data generated by most common sequencing platforms. The results may 
be easily interpreted also thanks to a friendly graphical interface implemented in 
this tool (Caporaso et al. 2010).

6.4  Soil Metagenomic Analysis

Soil microbial composition is influenced by several factors including the presence 
of the aboveground plants. In this view, we carried out a metagenomic study of three 
different vegetation covers in Apulia. We analysed the biodiversity present in a red 
soil (terra rossa) when subjected to different uses: (1) a greenhouse with horticul-
tural productions, (2) an adjacent olive grove and (3) a nearby Mediterranean forest 
spot. The study area is located at Carovigno (Brindisi). The samples (three repli-
cates for olive and greenhouse, and two for the forest environment) were taken from 
the different sites in summer 2014 and two g of soil from each sample were pro-
cessed for extraction of total RNAs, using a specific kit (Mobio, CA, USA). The 
RNA, obtained accounted for the active, living cells present in soil, was retro- 
transcribed to cDNA amplifying the hypervariable V3-V4 region and sequenced by 
a commercial provider (IGA-Technology, Udine; http://www.igatechnology.com/) 
with an HiSeq Illumina platform.

Sequencing produced 2.46 ⋅ 106 valid sequences, later subjected to bioinformatic 
analyses concerning the number and distribution of species and to characterize the 
different sampling environments. QIIME produced 7492 Operational Taxonomic 
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Units (OTUs) differently distributed in the various samples. The OTU is an opera-
tional definition of a species or a taxonomic group of species, often used when only 
data from the genome sequence, based on their similarity, are available. Almost 
99% of the sequences obtained were assigned to the Kingdom Bacteria with domi-
nant groups represented by Proteobacteria, Actinobacteria, Gemmatimonadetes, 
Planctomycetes and Verrucomicrobia.

The soil microbial profile of the three environments was explored by evaluating 
the α and β diversities. These terms were proposed by Whittaker (1960) to indicate 
the species diversity within a given sample (α), and the that observed among different 
samples (β). The α-diversity was analyzed using different metrics: Chao-1, which 
provides a parameter indicative of the species richness; the observed species, 
describing the uniqueness of the OTUs present in each sample, and the PD-Whole tree, 
that relies on evolutionary distances, using a phylogenetic tree (Hughes et al. 2001).

The soil environment of the forest spot showed a greater number of OTUs, com-
pared to the olive grove and the greenhouse soils (Fig. 6.3). This is likely due to the 
lack of intervention of anthropic and cultural activities that instead concerned the 
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Fig. 6.3 Measures of the α-diversity for the three types of soil use, with the metrics Chao-1 (a), 
observed species (b) and PD whole tree (c). Legend for soil types: red forest; blue olive grove, 
orange greenhouse
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other two environments investigated, during long periods of time (estimated around 
40–50 years, as inferred by the olive trees age). As shown in Fig. 6.4, the measure 
of the β-diversity, as shown by principal coordinate analysis (PCA), allowed a clear 
separation of the three soil micro-environments examined.

The OTUs identified at different taxonomic levels in the samples are shown 
through an interactive heatmap, which allows the fast display of taxonomies, the 
relative frequencies and the sample each OTU belongs to (Fig. 6.5).

At the Phylum level, the lineages identified were mainly represented by 
Acidobacteria, Actinobacteria, Chloroflexi, Gemmatimonadetes, Proteobacteria, 
Planctomycetes and Verrucomicrobia (Fig. 6.6).
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yellow greenhouse), on the three PCA planes (the variation explained was: PC1  =  25.72%, 
PC2 = 19.92%, PC3 = 16.46%)
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Fig. 6.5 OTUs (at last identified levels) and abundance per sample. For each column the colors 
vary from minima (blue) to maxima (red)

Fig. 6.6 Most represented Phyla (% of sequence higher than 1%), per sample
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The majority (99%) of sequences belonged to the Kingdom Bacteria. Their taxo-
nomic assignments progressively declined at finest levels, with only around 30% 
that were informative as species (Fig. 6.7). The sample composition for most repre-
sented species showed unique and common taxa as well (Table 6.1).

6.5  Conclusions

Many NGS assays have generated a huge amount of information that is challenging 
for management, storage and, above all, data analysis (Pop and Salzberg 2008). The 
taxonomic characterization of the biodiversity, analyzed in a metagenomic approach, 
ensures precise information about the microbial composition of soil at a certain time 
and under given circumstances. The sensitivity of the technique permits the descrip-
tion of each sample as a single entity, independent from the surrounding environ-
ment. This is supported by the variation observed in each replication, from the same 
environment. If integrated with other similar sampling plans, the data can be used as 
indicators of the functional state of soil and the effects caused by use and aboveg-
round vegetation regimes.

Fig. 6.7 Percent of reads classified for the three soil micro-environments (mean ± SD)
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As reported in the literature, many microorganisms present in soil are still 
unknown, because they cannot be cultured in the laboratory by conventional tech-
niques and therefore they were not described so far. The detailed knowledge of the 
microbial composition of soil is hence important to enlarge the range of species and 
identify the ecosystem services they provide.
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Chapter 7
What Lies Beneath: Root-Associated Bacteria 
to Improve the Growth and Health of Olive 
Trees

David Ruano-Rosa, Antonio Valverde-Corredor,  
Carmen Gómez- Lama Cabanás, Rafael Sesmero,  
and Jesús Mercado-Blanco

Abstract During the last decades we have witnessed growing public concern on 
the abuse/misuse of agrochemicals to control plant pathogens. The fact that some 
relevant phytopathogens (for instance, the soil-borne fungus Verticillium dahliae 
Kleb.) are very difficult to control by methods alternative to chemical-based prod-
ucts, has urged researchers to seek effective measures within integrated disease 
management frameworks. Biological control, alone or in combination with other 
approaches, emerges as one of the most promising alternatives to confront plant 
pathogens in a sustainable, environment-friendly strategy. Effectiveness of biologi-
cal control agents (BCA) largely depends on colonization and persistence capabili-
ties in the ecological niches (e.g. root and/or rhizosphere) where their benefits are 
expected to be deployed. As a consequence, due to BCA-host specificity (or co- 
adaptation) the search of potential BCAs in their target environments seems an 
appropriate strategy. This chapter describes the isolation, identification and charac-
terization of indigenous antagonist bacteria from the olive rhizosphere that can be 
eventually exploited as BCA against relevant pathogens affecting this woody crop, 
with emphasis on V. dahliae. The approach here implemented could be of interest 
for other pathosystems involving trees and soil-borne pathogens.
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7.1  Introduction

Olive (Olea europaea L.) is a woody cultivated species of major importance for 
many countries in the Mediterranean Basin, where constitutes a fundamental eco-
nomical pillar. In fact, more than 90% of global olive oil and table olive production 
is concentrated in this area (FAOSTAT 2016). The soil-borne fungal phytopathogen 
Verticillium dahliae Kleb, the causal agent of Verticillium wilt of olive (VWO), is 
one of the main biotic constrains affecting olive. Nowadays, the disease is consid-
ered one of the most serious threats for this crop. It has been described in many 
areas where olive is relevant, and reported to have spread alarmingly during the last 
two decades (López-Escudero and Mercado-Blanco 2011). At present, a single 
effective control measure against VWO is not available (Bubici and Cirulli 2011), 
and the management of the disease is a very complicated task. This difficulty can be 
explained by a combination of several causes, including the current lack of effective 
fungicides able to access the pathogen during its parasitic phase (i.e. within the 
xylem vessels) (López-Escudero and Mercado-Blanco 2011) even when applied in 
the trunk (Bubici and Cirulli 2012). Furthermore, V. dahliae produces resistant, dor-
mant structures (microsclerotia), under adverse conditions, able to endure in soils 
for a prolonged period of time. The wide range of plants that can be infected by the 
pathogen, its genetic diversity, or inadequate agronomic practices are other factors 
reducing the chance to control VWO successfully (López-Escudero and Mercado- 
Blanco 2011; Tsror 2011). Therefore, the development of new, sustainable and 
alternative disease control measures is crucial to confront this pathogen. Approaches 
that should be considered as complementary within an integrated disease manage-
ment framework.

The public concern on the abuse of agrochemicals (i.e. chemically-based fertil-
izers, fungicides, insecticides, etc.) increased in recent years, due to relevant nega-
tive effects on the environment, the ecosystems biodiversity and human or animal 
health. Consequently, several research teams have focused their efforts on the devel-
opment of alternative, environment-friendly inputs aiming to increase crops yields 
and to control biotic threats towards relevant agro-ecosystems (Ruano-Rosa and 
Mercado-Blanco 2015). However, the implementation of control strategies replac-
ing the traditional use of chemical biocides can be difficult in many situations. This 
is the case of trees and woody plants, although examples of successful biological 
control of diseases affecting these hosts are available (Cazorla and Mercado-Blanco 
2016; and references therein).

In the olive-V. dahliae pathosystem, the use of biological control tools has been 
proposed as a complementary approach within the above-mentioned integrated dis-
ease management strategy, mainly as a preventive measure (López-Escudero and 
Mercado-Blanco 2011; Tjamos 1993). Biological control usually involves the appli-
cation of microorganisms with antagonistic and/or plant growth promotion (PGP) 
effects. For instance, fungi such as Trichoderma spp. (e.g. Aleandri et  al. 2015; 
Carrero-Carrón et al. 2016; Ruano-Rosa et al. 2016) or several bacterial genera have 
been reported as effective (Sanei and Razavi 2011) and/or with potential (Aranda 
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et al. 2011) as biological control agents (BCA) against VWO. Regarding the use of 
bacteria to manage VWO, several studies showed that strains from Pseudomonas 
fluorescens and Pseudomonas putida (Maldonado-González et al. 2015b; Mercado- 
Blanco et al. 2004; Prieto et al. 2009), Serratia plymuthica (Müller et al. 2007) or 
Paenibacillus alvei (Markakis et al. 2016) performed well under different experi-
mental conditions.

A reasonable strategy for BCA selection is to search for microorganisms residing 
in the same ecological niche in which they will be eventually applied (Knudsen 
et  al. 1997; Ruano-Rosa and López-Herrera 2009). It is therefore expected that 
these BCA will be adapted to such a niche, being able to effectively colonize and 
endure in the target site (e.g. the roots) where they can deploy their beneficial effects 
(i.e. biological control activity). In this context, the aims of the present work were: 
(i) to generate a collection of cultivable bacteria originated from and adapted to the 
olive roots/rhizosphere; (ii) to screen for bacterial isolates showing antagonistic 
ability against V. dahliae and other phytopathogens; and (iii) to molecularly, bio-
chemically and phenotypically characterize selected bacterial isolates showing 
traits traditionally associated with biological control and/or PGP. The final objective 
is to identify novel bacterial strains with potential to be used in future bioformula-
tions effective against different olive diseases, with emphasis in VWO.

7.2  Materials and Methods

7.2.1  Sampling and Isolation of Cultivable Bacteria from Olive 
Roots

Root samples from one-year-old olive plants (cv. Picual) were collected from ten 
commercial nurseries located in Córdoba province (South Spain). Ten grams of 
fresh root tissue, thoroughly washed under tap water to remove most of the attached 
soil/substrate particles, and representative of the whole radical system of each plant 
(three per nursery), were cut and ground using a mortar and pestle with 10 mL of 
sterile distilled water. Aliquots (100 μl) of 10-fold serial dilutions of the macerates 
obtained from each sample were plated under aseptic conditions on different cultur-
ing media, namely potato dextrose agar (PDA; Oxoid, Basingstoke, UK), Luria- 
Bertani agar (LB, 1% Bacto-tryptone, 0.5% yeast extract and 1% NaCl) and nutrient 
agar (NA, Oxoid). Plates were incubated at 28 °C in the dark at least for 72 h. Pure 
cultures originating from single colonies grown in these media were carefully 
selected and isolated attending to distinctive morphological characteristics, and 
cryopreserved in 2-ml vials containing 33% glycerol at −80 °C, until use.
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7.2.2  Molecular Identification of Bacteria

A selection of bacteria (189 strains) from the generated collection was molecularly 
identified (genus level) by partial sequencing of the 16S rDNA ribosomal gene. 
Then, a subset of 40 strains selected according to their potential as BCA, were fur-
ther characterized by partial sequencing of the gyrB genes (coding for DNA gyrase, 
subunit B). For this aim, genomic DNA was obtained from 1 mL of each bacterial 
isolate grown in LB medium during 16 hours (28°C in the dark; 200 rpm) by using 
‘JETFLEX Genomic DNA Purification Kit’ (Genomed, Löhne, Germany) accord-
ing to the manufacturer’s instructions. Amplifications were performed in a total vol-
ume of 25 μl containing 2.5 μl of 10× PCR buffer (50 μM KCl, 10 mM Tris–HCl pH 
9 [25 °C], 1% v/v Triton X- 100), 1.5 (16S rDNA) or 2 (gyrB) mM MgCl2, 0.2 μM 
each primer, 0.2 mM each dNTP, 1.25 U of BioTaq DNA Polymerase (Bioline Ltd, 
London, UK) and 100 ng of bacterial DNA. The 16S rDNA sequence was amplified 
by PCR as follows: denaturation for 4 min at 94 °C, followed by 35 cycles of 45 s 
at 94 °C, 45 s at 55 °C and 1 min at 72 °C and a final extension step of 10 min at 
72  °C. The primers pair F27 (5′AGAGTTTATCMTGGCTCAG3′) and R1492 
(5′GRTACCTTGTTACGACTT3′) was used for 16S rDNA  amplification (1,465 bp 
amplicon size). PCR conditions for gyrB were: denaturation for 3.30 min at 94 °C, 
followed by 30 cycles of 1 min at 94 °C, 1 min at 53.8 °C and 2 min at 72 °C. The 
degenerated primers UP-1 (5′GAAGTCATCATGACCGTTCTGCAYGCNGGN 
GGNAARTTYGA3′) and UP-2r (5′AGCAGGGTACGGATGTGCGAGCCRTCN 
ACRTCNGCRTCNGTCAT3′) were used for amplification (amplicon size ≈ 
1200  bp). Amplicons were purified using ‘Favorgen GEL/PCR Purification  
Mini Kit’ (Biotech Corp.; Pingtung, Taiwan) according to the manufacturer’s 
 specifications. DNA sequencing was performed by a commercial service (Sistemas 
Genómicos S.L., Valencia, Spain). For gyrB, primers UP-1S (5′GAAGTCATCA 
TGACCGTTCTGCA3′) and UP-2Sr (5′AGCAGGGTACGGATGTGCGAGCC3′) 
were used for sequencing as described by Yamamoto and Harayama (1995). DNA 
sequences were assembled in ‘contigs’ with CLC bio software (Aarhus, Denmark) 
and compared (http://www.ncbi.nlm. nih.gov/) with available databases to identify 
each bacterial isolate genus and, when possible, species.

7.2.3  In vitro Antagonism Assays Against V. dahliae 
and Other Plant Pathogens

The antagonistic activity of bacteria isolated from olive roots was assessed by in 
vitro dual culture assays in two stages. An initial screening of the whole collection 
(327 isolates) was performed attending to the antagonistic activity against V-937I, a 
highly-virulent, defoliating (D) isolate of V. dahliae previously characterized at the 
genetic, molecular and pathogenic level (Collado-Romero et al. 2006; Prieto et al. 
2009; Maldonado-González et al. 2015a, b) (Table 7.1). A second screening round 
against a group of additional plant pathogens (Table 7.1) was then performed, using 
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only those isolates that already showed positive antagonism against V-937I in the 
first screening (189 isolates). Assays for fungal pathogens were performed by plac-
ing combinations of the target pathogen (5-mm diameter mycelial agar plugs from 
7-day-old cultures)/potential BCA (inoculated with a sterilized toothpick) at 2.5 cm 
distance on PDA (for fungal pathogens) and NA (for bacterial pathogens). Plates 
were incubated (25 °C in the dark) until the pathogen covered the distance separat-
ing both microorganisms in control plates (i.e. without antagonist) (Fig. 7.1a; upper 
left plate). For assays involving bacterial pathogens, potential antagonists were 
grown as described above over a pathogen lawn (OD600: 0.1) on PDA and NA plates 
(28 °C in the dark) during 48 hours. Antagonistic activity (i.e. production of haloes 
and/or inhibition zones) was then scored. These experiments were repeated at least 
once for each phytopathogen/antagonist combination.

7.2.4  Phenotypic Characterization of Indigenous Bacteria 
from Olive Roots

To determine the presence of phenotypes associated to antagonism and/or PGP 
among isolates selected after the first screening, several activities were assessed, 
namely protease (Naik et  al. 2013), catalase (Holt et  al. 1994), phosphatase 
(Katznelson and Bose 1959), chitinase (Murthy and Bleakley 2012), siderophore 
production (Schwyn and Neilands 1987) and 2,3-butanediol (Methyl Red Voges 
Proskauer [MRVP] medium, according to manufacturer’s specifications; Micro 

Table 7.1 Plant pathogens used for in vitro assays to test the antagonistic activity of rhizobacteria 
isolated from olive roots

Specie Isolate/strain Reference/Source

Alternaria alternata CN191, CN194 Dr. Longxian Ran, Agricultural University of 
Hebei, P.R. China

Colletotrichum nymphaeae Col. 114 Moral et al. (2012)
Colletotrichum godetiae Col. 516 Dr. A. Trapero Casas, Universidad de 

Córdoba, Córdoba, Spain
Fusarium oxysporum f. sp. 
dianthi

Fod 113, Fod108 Gómez-Lama Cabanás et al. (2012)

Phytophthora cinnamomi CH1100 Dr. C. J. López-Herrera, Instituto de 
Agricultura Sostenible, CSIC, Córdoba, Spain

Pseudomonas savastanoi 
pv. savastanoi

PSS-3 Culture collection of the Plant-Microorganism 
Interactions Laboratory, IAS-CSIC

P. savastanoi pv. savastanoi NCPPB 3335 Pérez-Martínez et al. (2007)
Rosellinia necatrix Rn 320, Rn 400 López-Herrera and Zea-Bonilla (2007)
Verticillium dahliae (D)a V-937I Collado-Romero et al. (2006)
V. dahliae (D)a Lebrija 1 Culture collection of the Plant-Microorganism 

Interactions Laboratory, IAS-CSIC
V. dahliae (ND)a V-249I Collado-Romero et al. (2006)

aD defoliating pathotype, ND non-defoliating pathotype
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Media, Nebotrade Ltd.; Budapest, Hungary). Additionally, in order to perform an 
in-depth evaluation of the nutritional requirements of a selected group of isolates 
(44, selected based on their antagonistic capability, phenotypic traits and suitability 
to be produced as BCA), we assessed their capability to metabolize 71 C sources 
and their sensibility to 23 chemical substances by using GEN III MicroPlateTM 
(Biolog; Hayward, CA). Evaluation was performed according to the manufacturer’s 
specifications. All assays were repeated at least once.

7.3  Results

7.3.1  Generation of a Collection of Culturable Bacteria 
from Olive Roots and First In Vitro Antagonism 
Screening

A collection of 327 culturable bacterial isolates, natural inhabitants of roots from 
olive (cv. Picual) plants propagated under conditions usually implemented in nurser-
ies at Southern Spain, was obtained following the sampling/isolation scheme 
described. Bacteria selected were representative of all colony morphologies found in 
the culturing media used. Overall, similar types of bacterial colonies were found 
regardless the media used (i.e. PDA, LB or NA). No major difference (i.e. prevalence 
of any colony morphology) was observed among nurseries either. After two rounds of 
growth to check for possible contaminants, all isolates selected were individually 
cryopreserved at -80°C until further use, and a code was assigned to each of them. 

Fig. 7.1 In vitro antagonism of olive rhizosphere bacteria against two olive pathogens, on PDA. 
(a) antagonistic activity displayed by rhizobacteria against V. dahliae (D pathotype) (7-days-after 
inoculation). A comparison plate shows normal, full growth of V. dahliae in absence of bacteria 
(control, upper left plate). (b) antagonistic activity revealed by inhibition haloes around some 
bacterial colonies against Pseudomonas savastanoi pv. savastanoi (2-days-after inoculation)
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The first screening based on the antagonistic activity against V. dahliae V-937I (D 
pathotype) resulted in the selection of 121 isolates. Additionally, 68 isolates were 
included in the final selection according to different colony morphology, irrespective 
of their antagonistic capability against the D pathotype of V. dahliae. In the final selec-
tion, representative bacteria originating from all sampled nurseries were present.

7.3.2  Molecular Characterization of Cultivable Bacteria 
from Olive Roots

Sequencing of the 16S rDNA (amplicon size 1,465bp) and gyrB (amplicon size ≈ 
1,200bp) genes revealed the prevalence, in the collection, of taxa representative of 
the Proteobacteria (54.5%) followed by Firmicutes (34.4%) and Actinobacteria 
(9.5%) (Table 7.2). The genera distribution showed Bacillus spp. as the most abun-
dant (33.3%), followed by isolates identified as Pseudomonas spp. (32.3%). Some 
isolates (1.57%) could not be unequivocally identified and were thus catalogued as 
unclassified (Table 7.2).

Table 7.2 Molecular identification of 189 bacteria isolated from roots of olive plants (var. Picual) 
based on analysis of the 16S rDNA and gyrB gene sequences

Phyla Class Genera Frequency (%)

Actinobacteria Actinobacteria Cellulomonas 1.06
Curtobacterium 0.53
Microbacterium 2.65
Micrococcus 0.53
Streptomyces 4.76

Firmicutes Bacilli Bacilllus 33.33
Paenibacillus 1.06

Proteobacteria α-Proteobacteria Agrobacterium 1.59
Ensifer 0.53
Rhizobium 3.17
Roseomonas 0.53
Sinorhizobium 0.53
Sphingomonas 0.53

β-Proteobacteria Achromobacter 1.59
Cupriavidus 2.12
Massilia 1.06

γ -Proteobacteria Cronobacter 3.70
Enterobacter 2.65
Pseudomonas 32.28
Pseudoxhantomonas 3.17
Serratia 1.06

Unclassified* 1.57

*Sequencing of 16S rDNA and gyrB genes did not unambiguously resolve the genus
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7.3.3  In vitro Antagonism of Indigenous Olive Rhizobacteria 
Against Selected Plant Pathogens

The in vitro antagonism against a representative of the V. dahliae D pathotype deter-
mined in the first screening round was confirmed in a second assay (Table 7.3). In 
general, differences (presence/absence of antagonism) were observed depending on 
the media used (with the exception of V. dahliae) (Fig. 7.1a), highlighting the cases 
of C. godetiae and P. savastanoi pv. savastanoi in which antagonism events were 
more frequent in NA and PDA, respectively (Table 7.3). For some rhizobacteria, 
differences in the percentage of effective antagonism between the two isolates used 
were found (viz. R. necatrix, F. oxysporum f. sp. dianthi and P. savastanoi p. var. 
savastanoi). The most dramatic case was for strain P. savastanoi NCPPB 3335 in 
PDA, which was inhibited by a significant lower number of rhizobacteria compared 
to antagonism observed against strain PSS-3 (25.4% and 9.0%, respectively). On 
the contrary, similar percentages were observed for V. dahliae and Colletotrichum 
spp. representatives, even though isolates here used belonged to different pathot-
ypes (V. dahliae) or species (Colletotrichum spp.). Overall, Paenibacillus spp., 
Pseudomonas spp., Rhizobium spp. and Bacillus spp. representatives displayed a 
broad-spectrum antagonism against phytopathogens assayed. Remarkably, the best 
results were achieved for one strain of Paenibacillus polymyxa, which was able to 
inhibit the growth of 92% (in PDA) and 100% (in NA) of the pathogens assayed.

7.3.4  Phenotypic Characterization of Selected Olive Rhizobacteria 
with Potential as Biological Control Agents

Some phenotypes traditionally associated with biological control and/or PGP activi-
ties were evaluated and results are summarized in Table  7.4. All bacteria tested 
showed catalase activity, while phosphatase activity was found only in 2% of 

Table 7.3 Percent of tested 
olive rhizobacteria showing 
antagonistic activity against 
phytopathogens

Pathogen
Isolates (%)a

PDA NA

Alternaria alternatab 43.4 37.0
Colletotrichum godetiaeb 15.3 49.7
Colletotrichum nymphaeaeb 18.0 32.8
Fusarium oxysporum f. sp. 
dianthi

13.8 15.1

Phytophthora cinnamomi 33.9 19.0
Pseudomonas savastanoi pv. 
savastanoib

17.2 1.4

Rosellinia necatrixb 23.6 37.0
Verticillium dahliaeb 62.0 60.6

aMeans from two assays
bPathogens affecting olive
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isolates (belonging to Pseudomonas and Enterobacter). A significant number of 
olive rhizobacteria displayed siderophore activity (49%), highlighting some 
Pseudomonas spp. isolates producing large halos when tested in CAS medium 
(Fig. 7.2a). The rest of activities tested showed a moderate-low presence. While 
catalase activity was present in representatives of all genera tested, production of 
2,3-butanediol (30%), protease (29%) (Fig. 7.2b) and chitinase (20%) were associ-
ated almost exclusively to Bacillus spp. (Table 7.4).

GEN III MicroPlateTM assays provided a phenotypic fingerprinting of a selection 
of isolates (44). In general, high variability was observed among isolates regarding 
to the different substrates utilization, being Proteobacteria the most versatile phy-
lum with some isolates able to metabolize up to 46 carbon sources (Rhizobium 
spp.). The capability to metabolize different C sources is summarized in Table 7.5. 
Regarding to chemical responsiveness, 98% of the assessed isolates grew in 1% 
NaCl and pH 6. It is worth mentioning the high percentage of isolates capable to 
grow in Na lactate 1% (93%), a well-known bactericidal used in alimentary indus-
try, and the overall sensibility to minocycline, an antibiotic belonging to the tetracy-
cline group (Table 7.6).

Table 7.4 Percentage of 
olive rhizobacteria showing 
phenotypes associated with 
biological control and/or 
plant growth promotion 
activities

Phenotypic characterization Isolatesa (%)

2,3-butanediol 30
Protease 29
Phosphatase 2
Siderophore 49
Catalase 100
Chitinase 20

aMeans from two replications, for a total of 189 
 isolates selected after the first screening

Fig. 7.2 Phenotypic characterization of olive rhizobacteria as potential biological control and 
plant-growth promotion agents. (a) siderophore production assay (according to Schwyn and 
Neilands 1987). (b) protease assay (according to Naik et al. 2013)
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Table 7.5 Percentage of olive rhizobacteria showing the capability to metabolize different carbon 
sources according to the GEN III MicroPlateTM test

C source
Number of 
isolates (%)a C source

Number of 
isolates (%)*

Acetic Acid 86 β-Hydroxy-D,L- Butyric Acid 35
α-D-Glucose 77 α-Keto-Glutaric Acid 30
Glycerol 70 D-Malic Acid 30
D-Fructose 67 Glycyl-L-Proline 26
Dextrin 65 N-Acetyl-D- Glucosamine 23
Pectin 65 myo-Inositol 23
L-Serine 58 Quinic Acid 21
Sucrose 53 D-Cellobiose 19
D-Fructose- 6-PO4 51 β-Methyl-D- Glucoside 19
L-Malic Acid 51 D-Mannose 19
Acetoacetic Acid 51 D-Salicin 16
L-Aspartic Acid 49 D-Galactose 16
L-Glutamic Acid 49 Glucuronamide 16
L-Histidine 49 Gentiobiose 14
Methyl Pyruvate 47 D-Turanose 14
D-Mannitol 44 D-Serine 14
L-Alanine 44 α-Keto-Butyric Acid 14
D-Gluconic Acid 44 L-Fucose 12
Citric Acid 44 Stachyose 9
D-Maltose 42 D-Raffinose 9
L-Pyroglutamic Acid 42 α-D-Lactose 9
D-Galacturonic Acid 42 D-Melibiose 9
L-Galactonic Acid Lactone 42 D-Sorbitol 9
Bromo-Succinic Acid 42 D-Fucose 7
Propionic Acid 42 L-Rhamnose 7
Gelatin 40 Inosine 7
L-Arginine 40 N-Acetyl-D- Galactosamine 5
D-Saccharic Acid 40 D-Arabitol 5
L-Lactic Acid 40 N-Acetyl-β-D- Mannosamine 2
γ-Amino-Butryric Acid 40 3-Methyl Glucose 2
Formic Acid 40 D-Aspartic Acid 2
D-Trehalose 37 p-Hydroxy- Phenylacetic Acid 2
D-Glucose- 6-PO4 37 D-Lactic Acid Methyl Ester 2
Mucic Acid 37 α-Hydroxy- Butyric Acid 2
Tween 40 37 N-Acetyl Neuraminic Acid 0
D-Glucuronic Acid 35

aMeans from two assays, for a total of 44 isolates selected based on their antagonistic capability, 
phenotypic characteristics and suitability to be produced as BCA
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7.4  Discussion

Rhizosphere microbial communities are exposed to several biotic and abiotic fac-
tors strongly determining their structure and composition, being one of them the 
host plant (Marschner et al. 2004). Considering this scenario, it is not surprising that 
when a given microorganism is used as a BCA, one of the main problems encoun-
tered is its low adaptation to the target environment. This may result in the lack of 
success or the inconsistency frequently reported when implementing biological 
control approaches (Handelsman and Stabb 1996). However, this obstacle can be 
somehow overcome by searching, identifying and characterizing potential BCA 
from the same ecological niche where its beneficial action will be required (Knudsen 
et al. 1997; Ruano-Rosa and López-Herrera 2009). Taking this premise as starting 
point, we designed a strategy in which the first objective was to generate a collection 
of indigenous olive rhizobacteria as potential BCA against V. dahliae.

The molecular analysis of members of this collection revealed a high diversity 
and prevalence of phyla Proteobacteria and Firmicutes. This finding is in agree-
ment with results earlier reported for wild olives (Aranda et al. 2011).

The selection process of candidate BCA was primarily driven by checking effec-
tive in vitro antagonism against the D pathotype of V. dahliae. However, since a 
broad spectrum of biological control activity is a desirable characteristic for a BCA 
(Whipps and Davies 2000), a number of phytopathogens affecting olive trees and 
other crops were evaluated as potential targets of newly-isolated olive rhizobacteria. 
We found several bacteria showing in vitro antagonism against tested pathogens. 
Because of the intensity and spectrum of the inhibition displayed, representatives 
of Paenibacillus spp., Pseudomonas spp. and Bacillus spp. are worth mentioning. 

Table 7.6 Olive rhizobacteria capable to grow under diverse chemical substances and conditions 
according to the GEN III MicroPlateTM test

Chemical responsiveness
Number of 
isolates (%)a

Chemical 
responsiveness

Number of 
isolates (%)a

pH 6 98 Troleandomycin 42
1% NaCl 98 Niaproof 4 42
1% Sodium Lactate 93 Vancomycin 42
Potassium Tellurite 88 Tetrazolium Violet 42
Guanidine HCl 86 Tetrazolium Blue 42
Aztreonam 86 Fusidic Acid 30
Lithium Chloride 70 pH 5 26
4% NaCl 65 Nalidixic Acid 26
Sodium Butyrate 58 8% NaCl 19
D-Serine 49 Sodium Bromate 12
Rifamycin SV 49 Minocycline 0
Lincomycin 44

aMeans from two assays, for a total of 44 isolates selected based on their antagonistic capability, 
phenotypic characteristics and suitability to be produced as BCA
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Members of these genera are frequently reported as per their involvement on 
 biological control and/or PGP (Borriss 2015; Lugtenberg and Kamilova 2009; 
Mercado-Blanco 2015; Hayat et  al. 2012; Santoyo et  al. 2012; Rybakova et  al. 
2016).

In the olive rhizobacteria collection generated in this study, two strains of 
Paenibacillus spp. highlighted due to their strong antagonistic capability, both in 
intensity and range of pathogens inhibited. Species of this genus have been described 
as BCA, plant growth-promoting rhizobacteria and microorganism with high bio-
technological potential (Lal and Tabacchioni 2009; Bhattacharyya and Jha 2012). 
Some of them are present in several commercial products against a broad range of 
phytopathogens (Rybakova et al. 2016). For instance, P. polymyxa has been previ-
ously reported as an excellent BCA against V. dahliae in cotton (Yang et al. 2013) 
and other fungi, oomycetes or bacteria (Raza et al. 2015; Hong et al. 2016; Xu and 
Kim 2016). Likewise, a strain of Paenibacillus alvei showed effective against V. 
dahliae in olive trees (Markakis et al. 2016). Whether the two Paenibacillus spp. 
strains here characterized behave as true BCA against VWO and/or the other patho-
gens tested still needs confirmation by conducting in planta bioassays.

Strains belonging to other genera also showed in vitro antagonism against tested 
phytopathogens, although to a lesser extent. The genus Pseudomonas is one of the 
most studied regarding to biological control and PGP activities. Important features 
such as broad colonization ability, production of a wide diversity of secondary 
metabolites and versatility in using different molecules as C sources make benefi-
cial strains of this genus excellent tools in biological control strategies (Mercado- 
Blanco and Bakker 2007). Regarding to biological control of VWO, different strains 
of Pseudomonas spp. have been previously reported as effective BCA (Mercado- 
Blanco et al. 2004; Sanei and Razavi 2011). Another renowned genus used in bio-
logical control approaches is Bacillus. Mechanisms ranging from production of 
antifungal compounds to induction of systemic resistance in the host plants along 
with high colonization and sporulation capabilities and advantageous competition 
for nutrients, make them excellent BCAs as well (Borriss 2015; Santoyo et al. 2012; 
Kumar et al. 2011; Zheng et al. 2013). Isolates of Bacillus spp. have shown good 
performance against Verticillium wilt of cotton. As for the Paenibacillus spp. strains 
mentioned above, suitable BCA candidates assigned to the genera Pseudomonas 
and Bacillus could be expected from the olive rhizobacteria collection here gener-
ated. The next step yet to be taken is in planta experiments to verify effectiveness 
against VWO.

Besides assessment of antagonist ability, the first step towards the identification 
of candidate BCA, aim of this study was to evaluate the presence of bacterial traits 
related to biological control and/or PGP in indigenous olive rhizobacteria. Among 
the phenotypes detected, it is worth mentioning the outstanding number of isolates 
displaying siderophore production. These low-molecular-weight, iron-chelating 
molecules (Höfte 1993), present in nearly 50% of the isolates in our collection, are 
produced under iron-limiting growth conditions and have been frequently described 
as involved in competition and disease suppression for a number of BCA, including 
beneficial Pseudomonas spp. (Mercado-Blanco 2015). Additionally, since chitin, 
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glucans and glycoproteins are the major components of the fungal cell wall 
(Bowman and Free 2006), it is also interesting to emphasize the presence of isolates 
displaying production of lytic enzymes such as chitinases and proteases. Both phe-
notypes are very appreciated during BCA selection processes, and pose relevance in 
industrial and medical biotechnology as well (Wang et al. 2009). While production 
of these exoenzymes is frequent in many rhizobacteria (Whipps 2001; Ajit et al. 
2006), they were almost restricted to representatives of Bacillus spp. Although at 
low percentage, production of 2,3-butanediol was also found in our bacterial selec-
tion. This is an interesting volatile involved in growth stimulation (Ryu et al. 2005) 
and has been suggested to be implicated in induced systemic resistance responses 
(Han et al. 2006; Borriss 2015). Finally, substrate utilization and chemical respon-
siveness profiles obtained by the BIOLOG system provided relevant information for 
future formulations involving some of these bacteria, as well as to facilitate their 
identification (George et al. 2013).

7.5  Conclusions

A collection of bacteria originating from olive roots or rhizosphere of nursery- 
produced olive plants showing antagonism against several pathogens affecting olive 
trees, mainly V. dahliae, was generated. Furthermore, some of them displayed phe-
notypes related to biological control and/or PGP activities. Results indicate that the 
olive rhizosphere is actually a reservoir of candidate BCA against major olive dis-
eases. These bacteria could therefore constitute the basis to develop bioformulations 
effective to control the pathogens evaluated in this work. Moreover, they offer the 
advantage to be adapted to the ecological niche where their benefits can be deployed. 
However, bioassays aiming at demonstrating their true biological control activity in 
planta are still needed, both under controlled and field conditions. This is now our 
current challenge.
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Chapter 8
Norway Spruce Fine Roots and Fungal 
Hyphae Grow Deeper in Forest Soils After 
Extended Drought

Isabella Børja, Douglas L. Godbold, Jan Světlík, Nina E. Nagy, 
Roman Gebauer, Josef Urban, Daniel Volařík, Holger Lange, Paal Krokene, 
Petr Čermák, and Toril D. Eldhuset

Abstract Global warming will most likely lead to increased drought stress in forest 
trees. We wanted to describe the adaptive responses of fine roots and fungal hyphae, 
at different soil depths, in a Norway spruce stand to long-term drought stress 
induced by precipitation exclusion over two growing seasons. We used soil cores, 
minirhizotrons and nylon meshes to estimate growth, biomass and distribution of 
fine roots and fungal hyphae at different soil depths. In control plots fine roots pro-
liferated in upper soil layers, whereas in drought plots there was no fine root growth 
in upper soil layers and roots mostly occupied deeper soil layers. Fungal hyphae 
followed the same pattern as fine roots, with the highest biomass in deeper soil lay-
ers in drought plots. We conclude that both fine roots and fungal hyphae respond to 
long-term drought stress by growing into deeper soil layers.
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8.1  Introduction

Predicted global warming will most likely increase the frequency of summer 
droughts and lead to soil water shortage in many forest regions of Europe (IPCC 
2013). Drought is already considered to be a major driver for Norway spruce crown 
discoloration and tree mortality in SE Norway (Solberg 2004), and drought stress 
has been identified as a limiting factor for Norway spruce growth in this region 
(Andreassen et al. 2006). Adverse effects of drought on forest trees are also known 
from many other parts of the world (Allen et al. 2010; Bréda et al. 2006). Problems 
with drought-induced forest dieback will likely become exacerbated in the future, 
given that by 2100 the climate in Europe is estimated to be warmer with higher 
frequencies of hydrological droughts and other extreme climatic events (Roudier 
et al. 2016).

Maintained and sustainable tree growth requires that there is a balance between 
water uptake by the roots and transpiration losses in the canopy. Efficient water 
management that minimizes transpiration losses and maximizes water uptake is 
essential for tree survival during drought periods, and fine roots play a crucial role 
here as they are the organ that absorbs water and nutrients from the soil. The fine 
root system has an extended surface area that is almost always greater than the leaf 
area (Jackson et al. 1997). In trees with a diminished fine root system or fine roots 
that do not absorb water efficiently whole-tree water transport is compromised. This 
may lead to fine root adaptation, carbon starvation or root mortality (McDowell 
et al. 2008; McDowell and Sevanto 2010; Sevanto et al. 2014).

Although fine roots make up only a small fraction (2–5%) of the total tree bio-
mass almost 50% of the carbon that is cycled in a forest may be used for fine root 
production (Jackson et al. 1997). Also, due to the rapid turnover of individual fine 
roots, about 66% of the annual photosynthate assimilated by a tree is spent on fine 
root production (Hendrick and Pregitzer 1993; Vogt et al. 1996). Because fine root 
production consumes such a large proportion of the total assimilated carbon in for-
est ecosystems fine root mortality is a major source of carbon input into forest soils 
(Aber et al. 1985; Steele et al. 1997). This means that any damage to the fine root 
system inflicted by e.g. drought affects not only on the health of individual trees, but 
the carbon and nutrient cycling of the entire forest ecosystem.

Fine roots are associated with an extensive network of ectomycorrhizal hyphae 
that provides the tree with extra water and nutrients and in return receives photosyn-
thates from the tree crown. This mutualistic symbiosis may increase water uptake 
by the fine roots during periods of water shortage. Ectomycorrhizal fungi are prob-
ably modulating the adaptive responses of the fine root system to drought and may 
influence whether the fine root system is stimulated or inhibited by drought (Brunner 
et al. 2015; Ekblad et al. 2013).
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Many studies have described effects of drought on aboveground tree organs such 
as stems, twigs, and leaves (e.g. Ditmarová et al. 2010; Gebauer et al. 2015; Sohn 
et  al. 2012), but we still know little about how the root system of mature trees 
responds to water shortage. In particular, we know almost nothing about how 
drought affects the fine roots and their associated network of ectomycorrhizal 
hyphae. Because fine roots are responsible for water uptake they are in immediate 
contact with soil moisture and are thus likely to respond quicker and more directly 
to drought stress than leaves and other aboveground tree parts. For example, fine 
roots have an inherent growth plasticity and may adapt to local moisture conditions 
by changing their architecture or growing deeper in the soil (e.g. Gaul et al. 2008; 
Joslin et al. 2000; Moser et al. 2015; Pregitzer et al. 1993).

Although severe and recurrent droughts often have been identified as a main 
driver of tree decline and mortality (Bréda et al. 2006) we still lack evidence for the 
mechanisms that operate below ground, and especially for how drought affects fine 
roots and their associated fungal hyphae. Numerous drought experiments on potted 
saplings may give an indication of how fine roots respond to water shortage (e.g. 
Eldhuset et al. 2013; Schall et al. 2012), but little is known about fine root dynamics 
in trees growing in the field. More realistic data representing true forest conditions 
requires experiments that manipulate forest hydrology through precipitation exclu-
sion in the field (e.g. Borken et al. 2006; Gaul et al. 2008; Joslin et al. 2000) or along 
the precipitation gradient (Meier and Leuschner 2008). However, the few existing 
studies of how water shortage affects the root system of larger trees report conflict-
ing results, making it difficult to draw any firm conclusions about how the fine root 
system responds to drought. Some studies have reported a decrease in fine root 
biomass with decreasing rainfall (Joslin et al. 2000; Leuschner et al. 2004), whereas 
others have reported a stimulation of fine root growth in response to drought 
(Leuschner et al. 2001; Moser et al. 2015; Santantonio and Hermann 1985).

The study we report here investigated effects of water shortage on fine roots and 
fungal hyphae at different soil depths in a 20-year-old Norway spruce forest. Our 
aim was to determine the adaptive responses of fine roots and fungal hyphae in for-
est plots subjected to drought induced by precipitation exclusion. We hypothesized 
that water shortage in the upper soil layers would promote growth of fine roots and 
hyphae in deeper soil layers. To test this hypothesis, we evaluated fine root biomass 
at different soil depths using soil cores and nylon meshes, we determined the verti-
cal distribution of fine root and fungal growth using minirhizotrons, and we quanti-
fied fungal hyphae in different soil layers by trapping hyphae in nylon meshes.

8.2  Materials and Methods

8.2.1  Study Site and Experimental Design

Our experimental plots were located in a 20-year-old Norway spruce stand (Picea 
abies L.  Karst) at the Hoxmark experimental farm in SE Norway (59°40′14″N, 
10°47′36″E, 90  m asl). The experiment was part of larger project described in 
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Gebauer et al. (2011, 2012). Briefly, trees from three different full-sib families were 
growing in a 1 m × 1 m grid on former agricultural soil, described as albeluvisol, 
with mean tree height 9 m, stand density 10.000 trees ha−1, and basal area 50 m2 ha−1. 
Two study plots of about 150 m2 each were established within the stand. Both plots 
were thinned in August 2008 by removing the tree rows flanking our experimental 
trees, reducing stand density by 50%. On one plot, the drought plot (D), a plastic 
roof was set up under the tree canopy in May 2009 and remained in place until the 
end of the experiment in July 2011. A 30 cm deep trench was dug around the drought 
plot to intercept the precipitation run off. The other plot was left as it was and served 
as the control plot (C). A third plot, situated about 30 m away from the other plots, 
was established later on as an un-thinned control plot (C0) where additional set of 
nylon meshes were placed in the soil (see below) in June-Oct 2010 (Fig. 8.1). Both 
control plots (C, C0) received natural rainfall. Mean annual precipitation in the 
study area is 785 mm and mean annual temperature is 5.3 °C (data from the meteo-
rological station in Ås, 3.9 km from the study site). The three full-sib families were 
the result of controlled crosses of parent trees from the following locations and 
altitudes in S Norway: family 14: mother no. 2598 from Krødsherad, Buskerud, 440 
masl and father no. 5262 from Gol, Buskerud, 395 masl; family 27: mother 2526, 
Flesberg, Buskerud, 455 masl and father 5262, Gol, Buskerud, 395 masl; family 29: 
mother 2627, Brandbu, Oppland, 430 masl and father 2767, Stor-Elvdal, Hedmark, 
400 m asl.

In plots C and D we selected one tree from each full-sib family, i.e. a total of 
three trees per plot. The use of pairs of similar-sized trees from the same full-sib 
families reduced phenotypic variation between plots and facilitated the comparison 
of results between the C and D plots.

Fig. 8.1 Timeline for the experimental activities on a thinned drought plot and a thinned and un- 
thinned control plots (MR minirhizotrons; last observation in 2011)
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8.2.2  Measurement of Soil Hydrology, Sap Flow and Climatic 
Variables

Triplicate measurements of soil water potential and soil humidity were made in plot 
C and D throughout the experiment. Soil water potential was measured using gyp-
sum blocs (Delmhorst, Inc., USA) placed at 10 cm, 30 cm and 50 cm soil depth, and 
soil humidity was measured in the upper 30  cm of the soil using CS-616 TDR 
probes (Campbell, USA). Data were acquired every 10 minutes and stored in a data 
logger (ModuLog 1037, EMS Brno, Czech Republic). All soil characteristics were 
measured from May to November in 2009 and 2010. Sap flow was monitored in all 
six experimental trees in plot C and D from May to November in 2009 and 2010 
using EMS 51 sap flow meters (EMS Brno, Czech Republic) working under the 
trunk heat balance principle (Čermák et al. 1973, 2004). A more detailed description 
of measurements of sap flow, tree and soil characteristics is given in Gebauer et al. 
(2011). A climate station was set up in an open field 100 m from the experimental 
plots to measure global radiation, air temperature and relative air humidity using 
EMS11 and EMS33 (EMS Brno, Czech Republic), as well as precipitation and 
wind speed (MetOne Instruments, Grants Pass, Oregon, USA). Data were measured 
every minute and 10-minute means were stored in a data logger.

8.2.3  Fine Root Growth and Biomass

8.2.3.1  Fine Root Growth Estimated from Minirhizotrons

To estimate fine root growth at different soil depths we installed minirhizotrons in 
the C and D plots (n=3) on May 20 2010. The minirhizotrons consisted of 1 m long 
transparent acrylic tubes made of Escaril® with 50  mm inner and 60  mm outer 
diameter. Minirhizotrons were installed about 1 m from each experimental tree in 
holes made at 45° angle into the soil using a minirhizotron drill (Fig. 8.1). Fine roots 
and fungal hyphae at different soil depths were photographed through the minirhi-
zotrons seven times during 2010 and 2011 using a custom-made digital camera with 
associated image capture software BTC I-CAP (both from Bartz Technology 
Corporation, Santa Barbara, CA, USA). All individual roots in each image were 
assigned a specific id, manually traced to determine root tip numbers, root length 
and diameter, and root volume and surface area were automatically calculated using 
the software Rootfly (Version 2.0.2, Clemson University, SC, USA). The images 
along the 45° angle were recalculated to vertical soil depth and analysed to a soil 
depth of about 60 cm.
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8.2.3.2  Fine Root Biomass Estimated from Soil Cores

The 60 mm diameter soil cores that were removed to install the minirhizotrons in 
May 2010 were used to collect fine roots at different soil depths. Segments along the 
45° soil cores were recalculated to vertical depths. On October 25 2010, additional 
vertical soil cores were taken close to the other soil core holes and subdivided into 
different vertical sections (0–10, 10–20, 20–30 and 30–40 cm depth). All core sec-
tions from the vertical and slanted soil cores were air dried at 25 °C and all fine roots 
(<2 mm in diameter) were collected, sorted according to colour and tissue strength, 
and stored in tap water at 4 °C for up to three weeks until further processing. The 
fine roots were finally dried at 65 °C and the total dry weight of roots from each 
sample was determined and calculated as gram dry weight per soil volume (g dm−3).

8.2.3.3  Fine Root Growth Estimated from Nylon Meshes

Fine root growth was also quantified using a parallel method involving 6–7 cm wide 
and 25 cm long pieces of woven nylon mesh (Normesh, Lancashire, UK, product 
code N1000/59105R) with 1 mm pore size. Each mesh was inserted vertically into 
the soil to 20 cm depth by using a sharp steel plate and a hammer, as described by 
Lukáč and Godbold (2010). In October 2009, four nylon meshes were placed 10 cm 
apart about 1 m from the trunk of each experimental tree in plot C and D (n = 12 
meshes per plot). The meshes were removed in June 2010 and replaced with a new 
set of meshes. At this time, meshes were also installed in the un-thinned control plot 
(C0; n = 12). These meshes were removed in October 2010 by cutting the soil 5 cm 
from each side of the mesh, lifting the soil block and carefully removing the mesh 
as described in Lukáč and Godbold (2010) and Hirano et  al. (2009). Fine roots 
trapped in the mesh were removed and fine root biomass per mesh was calculated as 
described in Lukáč and Godbold (2010). After root retrieval, the meshes were stored 
at −20 °C until further processing for estimation of hyphal biomass (below).

8.2.4  Hyphal Growth and Biomass

8.2.4.1  Hyphal Biomass Estimated from Nylon Meshes

The biomass of fungal hyphae trapped in the nylon meshes was quantified using a 
newly developed method of mesh image analysis according to Børja et al. (unpub-
lished results). The method involves an algorithm that estimates hyphal biomass per 
soil volume based on the proportion of mesh pores that are filled with fungal hyphae. 
Briefly, after the fine roots had been removed the meshes were cleaned for soil and 
scanned at 1200 dpi resolution using a color image scanner (CanoScan 9000F, 
Canon Inc., USA). The scanned images were analyzed by first determining the 
“grayness” range associated with each component in the image (the mesh grid itself, 
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fungal hyphae, soil particles) using the software GIMP (www.gimp.org/). The 
image processing software ImageJ (http://imagej.net/) was then used to generate a 
“grayness histogram” for each mesh, the histogram data was exported to Excel and 
converted to biomass of hyphae per soil volume unit using the algorithm we devel-
oped. Each scanned nylon mesh was divided into four layers corresponding to soil 
depths of 0–5, 5–10, 10–15 and 15–20 cm that were analyzed separately.

8.2.4.2  Hyphal Growth Estimated from Minirhizotrons

To assess hyphal growth in the soil we used the minirhizotron images as described 
above. Each image was subjectively, visually evaluated for percentage of hyphal 
coverage in each image. Roots and hyphae were discerned on basis of their diameter 
and distinct looks. We used the software Rootfly (Version 2.0, Clemson University, 
SC, USA) to keep track of image id and analysed images down to about 60 cm 
soil depth.

8.2.5  Statistical Analysis

We used analysis of variance (ANOVA) to compare fine root biomass in drought 
versus control plots. To achieve normality and homoscedasticity, the weight data for 
living fine roots was log-transformed. For data that were normally distributed 
(Shapiro-Wilks analysis) and homoscedastic (Levene analysis), we used one-way 
ANOVA and Tukey’s post hoc comparison analysis to test for significant treatment 
differences. For data with non-normal distribution and heteroscedasticity, we used 
nonparametric ANOVA (Kruskal-Wallis analysis). The level of significance in all 
tests was set at p < 0.05. All statistical tests were done in either R or JMP Pro12 
software (SAS, Cary, NC, USA).

8.3  Results

8.3.1  Climatic Conditions

The summers 2009 and 2010 had an even distribution of precipitation with no long 
drought periods, except in the spring 2009 (Fig. 8.2). Temperatures were higher in 
2009 than in 2010, due to the warm and dry spring in 2009. From May 1 to September 
30, mean air temperature in 2009 and 2010 was 14.5 and 13.1 °C respectively, total 
precipitation was 409 and 493 mm, and mean vapour pressure deficit was 471 and 
278 Pa.
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Precipitation exclusion in the drought plot gradually led to severe drought in the 
upper 30 cm of the soil, with moderate drought conditions occurring down to 50 cm 
soil depth (Fig. 8.3). Soil water potential (SWP) values showed that water availabil-
ity began to differ between the control and drought plot in July 2009 at 10 and 
30 cm soil depth, and in August 2009 the plots also differed at 50 cm soil depth 
(Fig.  8.3). During the following two years, the control plot experienced only 
 occasional brief drought spells in the soil. The drought plot, in contrast, experienced 
continuously severe drought conditions in the upper 30 cm of the soil throughout 
the 2-year-period. From August 2009, SWP remained below −1.1 MPa at 30 cm soil 
depth, the lower detection limit of our instruments, and from June 2010 medium dry 
conditions were detected even at 50 cm soil depth (Fig. 8.3).

Fig. 8.2 Daily means of vapor pressure deficit and precipitation at the Hoxmark experimental site 
in SE Norway from May to November, in 2009 and 2010
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8.3.2  Fine Root Growth and Biomass

8.3.2.1  Growth Estimated from Minirhizotrons: Shift in Root Growth 
to Deeper Soil Layers Following Drought

Fine root growth, expressed as number of root tips per minirhizotron image, was 
increasing in the control plot throughout the 14-month observation period (Fig. 8.4). 
Fine roots were present both in upper (0–20 cm) and lower soil layers (20–40 cm), 
and at the end of the study the control plot had more than twice as many root tips in 
the lower soil layer as in the upper layer (Fig. 8.4). In contrast, no root growth was 
detected in the upper soil layer of the drought plot throughout the experiment, and 
new root tips only appeared at the last observation in July 2011, but in low numbers 
(Fig. 8.4).

Different full-sib families responded differently to drought. Family 14 had the 
most vigorous fine root growth of all families in the control plot, whereas in the 
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Fig. 8.3 Mean daily values of soil water potential in 2009 and 2010 at different soil depths in a 
thinned control plot and a plot subjected to drought

8 Norway Spruce Fine Roots and Fungal Hyphae Grow Deeper in Forest Soils After…



132

drought plot it had almost no root growth (Fig. 8.5). Family 27 had intermediate fine 
root growth in the control plot and strongly reduced growth in the drought plot 
(Fig. 8.5). Finally, family 29 had the lowest fine root growth of all families in the 
control plot and was relatively unaffected by drought (Fig. 8.5).

Fig. 8.4 Number of fine root tips at different soil depths in a thinned control plot (white bars) and 
a drought plot (black bars), following the start of precipitation exclusion in the drought plot in May 
2009. Each bar shows the mean root tip number in three minirhizotrons per plot (error bar = 1 
standard error, samples with zero values are marked with*)
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8.3.2.2  Biomass Estimated from Soil Cores: Initial Stimulation of Root 
Growth by Drought, Followed by a Decrease

Fine root biomass was higher in the drought plot than in the control plot in May 
2010, one year after the onset of drought (Fig. 8.6). The drought plot had higher root 
biomass than the control plot at all soil depths, but the difference was significant 
only for the 10–20 cm soil layer (p = 0.022). In both plots root biomass decreased 
with depth, but the only significant difference between soil layers was that between 
the uppermost soil level in the control plot and all deeper layers (p < 0.026).

In October 2010, 17 months after the onset of drought, the control plot had a 
similar vertical distribution of fine root biomass as in May, with a gradual decrease 
in root biomass with increasing soil depth (Fig. 8.6). The uppermost soil level had 
significantly more root biomass than the 20–30 cm layer (p = 0.0008). The drought 
plot had lower root biomass in all soil layers compared to May, and root biomass in 
the uppermost soil layer was significantly lower than in the control plot (p = 0.032).

8.3.2.3  Growth Estimated from Nylon Meshes: No New Root Growth 
in Upper Soil Layers After Drought

No fine roots were growing through the nylon meshes between October 2009 and 
June 2010 in either of the plots (data not shown). From June 2010 to October 2010 
fine root growth was detected in both the thinned and un-thinned control plot, but 
not in the drought plot. Fine root biomass was twice as high in the thinned control 
plot as in the un-thinned control plot (0.038 ± 0.00 vs. 0.017 ± 0.00 g DW cm−3, 
respectively (mean ±SD), p = 0.05).

Fig. 8.5 Total number of 
fine root tips in Norway 
spruce trees from three 
different full-sib families 
in a thinned control plot 
(white bars) and a thinned 
drought plot (black bars). 
Root tip numbers were 
estimated from 
minirhizotron images taken 
over a 14-month-period 
following the onset of 
drought in May 2009 
(n = 1 minirhizotron  
per tree)
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8.3.3  Hyphal Growth and Biomass

8.3.3.1  Biomass Estimated from Nylon Meshes: Hyphae Disappeared 
from Upper Soil Layers After Drought

The control plot had more hyphal biomass in the upper 10 cm of the soil than the 
drought plot (Fig. 8.7). Biomass values in the control were higher between autumn 
and spring (October 2009 to June 2010) than between spring and autumn (June 
2010–October 2010) (Fig.  8.7). The drought plot had significantly lower hyphal 
biomass than the control plot, and the vertical distribution of hyphal biomass was 
constant over time (Fig. 8.7). The most striking difference between plots was in the 
vertical distribution of hyphal biomass in the soil (Fig.  8.7). In the thinned and 

Fig. 8.6 Biomass of Norway spruce fine roots (diameter <2  mm) in soil cores collected in a 
thinned drought and control plot in May (upper panels) and October (lower panels) 2010, follow-
ing the onset of drought in May 2009. Each bar shows the mean root biomass in individual soil 
cores taken near three Norway spruce trees in each plot (n = 3). Bars = 1 standard error

I. Børja et al.



135

un- thinned control plots hyphal biomass was relatively evenly distributed between 
soil layers, with slightly higher levels in the upper five centimeters (Fig. 8.7). In the 
drought plot, however, hyphal biomass was much higher in the deeper soil layers 
(10–20 cm), with very little hyphae in the upper soil layer (0–5 cm) (Fig. 8.7). In 
fact, only 8% of the total hyphal biomass in the drought plot was located in the 
upper soil layer, compared with 30% in the two control plots. Interestingly, as for 
fine root growth estimated from nylon meshes hyphal biomass was about twice as 
high in the thinned control plot as in the un-thinned plot (Fig. 8.7).

8.3.3.2  Growth Estimated from Minirhizotrons: More Hyphae in Deeper 
Soil Layers After Drought

Analysis of hyphal coverage in minirhizotron images revealed a similar pattern as 
for hyphal biomass estimates obtained from the nylon meshes (Figs. 8.7 and 8.8). 
The control plot had much more fungal hyphae in upper soil layers (0–20 cm) than 
the drought plot, and hyphal coverage in the control plot increased through the 

Fig. 8.7 Biomass of fungal hyphae at different soil depths in three experimental plots inside a 
Norway spruce stand. Hyphae were trapped in nylon meshes inserted into the soil (n = 12 per plot) 
during two time periods (upper panels: October 2009–June 2010; lower panels: June 2010–
October 2010). Drought treatment started in May 2009 (bars = 1 standard error; ND not detected, 
meshes not installed in this period)
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summer of 2010 and onwards to the next summer (Fig. 8.8, left panel). The drought 
plot had almost no hyphae in the upper 16 cm of the soil, but in deeper soil layers 
(below 47 cm) this plot had more hyphae than the control plot, with a steady increase 
in hyphal coverage over time (Fig. 8.8, right panel).

8.4  Discussion

The drought plot had considerably drier soil than the control plot throughout the 
experimental period (Fig. 8.3). Thus, the installed plastic roof successfully inter-
cepted precipitation and created severe drought conditions, especially during the 
second growing season in 2010 and in the upper 30 cm of the soil (Fig. 8.3). Mean 
daily vapor pressure deficit (VPD) levels at our experimental site only intermittently 
reached high levels and peaked at about 1800 Pa, relative to the normal range of 
800–950 Pa (Fig.  8.2). When VPD increases so does tree transpiration and the 
demand on fine roots to draw more water. Therefore, high VPD values indicate 
lower water availability for the fine roots (due to the low soil hydraulic 

Fig. 8.8 Percent coverage of fungal hyphae in minirhizotron images taken over a 14-month period 
at different soil depths in a thinned control plot and a thinned plot subjected to long-term drought 
starting in May 2009. The color intensity in each cell corresponds to the percentage hyphal cover-
age at a particular soil depth in each image. Three minirhizotrons were installed in each plot 
(n = 3).
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conductivity) and possible water stress and fine root death. In the control plots that 
received normal precipitation the occasional spikes in VPD levels were soon 
quenched by precipitation (Fig. 8.2) and the soil experienced only short spells of 
low water potentials (Fig. 8.3). In the drought plot that received almost no precipita-
tion, however, the combination of high VPD levels and low soil water potentials 
probably exposed the fine roots to severe water stress (Figs. 8.2 and 8.3). Drought 
intensified from May to October 2010 in the drought plot (Fig. 8.3) and this could 
also be seen by the much lower accumulated sap flow in the drought plot relative to the 
control plot (100 vs. 230 mm between May 17 and October 1; Gebauer et al. 2015).

8.4.1  Fine Root Growth and Biomass

There are different opinions in the scientific literature on how drought affects fine 
root growth; some studies report that drought leads to an increased investment in 
root growth, whereas other studies find the opposite effect (reviewed by Brunner 
et al. 2015). In our study we show that different full-sib families reacted differently 
to drought stress, indicating that there is a strong genetic influence on how Norway 
spruce trees react to drought stress. For example, in family 29 the number of root 
tips was not affected by drought, whereas in the other families drought dramatically 
reduced root tip numbers (Fig. 8.5). Overall, fine roots and associated fungal hyphae 
shifted their distribution into deeper soil layers in response to drought. The tendency 
to avoid drought by growing into deeper and moister soil layers is a manifestation 
of root plasticity and may result from root association with mycorrhizal hyphae 
which also function as water providers (e.g. Brownlee et  al. 1983; Ekblad et  al. 
2013; Muhsin and Zwiazek 2002; Plamboeck et al. 2007).

Soil core estimates of total fine root biomass in the thinned control plot was 
about 50% higher in October 2010 than in May 2010, and at both time points most 
of the root biomass was found in the upper 10 cm of the soil (Fig. 8.6). In May 2010, 
the thinned drought plot had higher total fine root biomass than the thinned control 
plot at all soil depths (Fig. 8.6). This may be due to increased fine root growth in the 
drought plot as a first response to drought, probably to compensate for decreased 
water availability (Eldhuset et al. 2013). In October 2010, total fine root biomass in 
the drought plot was reduced to less than half of that in the control plot. The low and 
uniform distribution of fine roots in the upper 30  cm of soil in the drought plot 
(Fig. 8.6) was probably due to the near complete depletion of water in upper soil 
layers (Fig. 8.3), shifting fine root growth to deeper and more humid soil layers (see 
also Konôpka and Lukáč 2013; Lyr and Hoffmann 1967).

The results from our long term study of fine root dynamics after drought may 
partly explain the conflicting results in the literature on how fine roots respond to 
drought, where some authors report an increase in fine roots after drought while 
others have found the opposite trend. It seems that short term drought stress may 
stimulate root growth and lead to an increase in fine roots (Fig. 8.6, upper panel), 
but prolonged drought may decrease root growth (see Fig.  8.6, lower panel). 
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Thus, the duration and intensity of the drought period seems to be crucial for fine 
root dynamics and tree survival.

Minirhizotrons (Fig. 8.4) and nylon meshes (Fig. 8.7) provided much lower esti-
mates of fine root growth in the drought plot than the soil cores did (Fig. 8.6). There 
may be two main explanations for this discrepancy. First, minirhizotrons and nylon 
meshes provide data on root growth dynamics from the time of their installation 
onwards, whereas soil cores describe the status in situ at the moment of extraction 
and include both older and newer fine roots. Therefore, the more dynamic measures 
(minirhizotrons, nylon meshes) emphasize current growth trends and tend to have 
higher temporal resolution than an accumulative measure such as soil cores. Second, 
although minirhizotrons, nylon meshes and soil cores were placed near each other 
they are different methods that provide results at different spatial scales. In addition, 
the different methods may reflect the inherent spatial diversity of fine root distribu-
tion in the soil. However, despite these sources of variability we show that results on 
root (and hyphal) growth from minirhizotrons, nylon meshes and soil cores comple-
ment each other. All three methods revealed reduced growth in response to pro-
longed drought and a tendency for roots and hyphae to shift to deeper soil layers.

8.4.2  Hyphal Growth and Biomass

The vertical distribution of hyphal biomass in our control plots agreed with previous 
studies, with the highest biomass occurring in the upper soil layers (Ekelund et al. 
2001; Fig. 8.7). We expected drought to have a negative impact on hyphal biomass 
and to alter its vertical distribution in the soil. Indeed, the drought plot had less 
hyphal biomass in the soil compared to the controls and most of the biomass was 
found in deeper soil layers, with almost no hyphae in the upper 5 to 15 cm (Figs. 8.7 
and 8.8). A similar vertical shift in hyphal biomass following drought was described 
by Ekblad et al. (2013). Such shifts in the vertical distribution of fungal hyphae may 
reflect the strategy of trees to obtain water from deeper soil layers, scavenging for 
water resources, in times of drought stress.

Our estimates of hyphal biomass in different soil layers based on results from 
nylon meshes were supported by our visual assessment of hyphal biomass from 
minirhizotron images. The two methods complement each other since nylon meshes 
and minirhizotrons monitored the same trees and the monitoring period for the two 
methods overlapped (Fig.  8.1). Although hyphal coverage in the minirhizotron 
images was estimated subjectively the method was consistent between treatments 
and time points since the assessment always was done by the same person. The use 
of two complementary methods that revealed similar patterns of hyphal biomass 
between soil layers strengthens the validity of our hyphal biomass estimates. Our 
estimates of hyphal biomass at different soil depths also agreed with our estimates 
of fine root biomass using nylon meshes and soil cores. For both hyphae and fine 
roots biomass was greatest in the upper soil layers in the control plots and decreased 
with depth, whereas in the drought plot biomass was greatest in deeper soil layers.
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We do not know the species identity of the hyphae we quantified, but the fact that 
hyphae proliferated in deeper and more nutrient poor soil layers in the drought plot 
suggests that they were predominantly mycorrhizal hyphae that obtain carbohy-
drates from the roots and in return provide water and nutrients from the soil (Ekblad 
et al. 2013). The high hyphal biomass in the upper soil layers of the control plots 
probably consisted of mycorrhizal and saprotrophic fungi that should be able to find 
sufficient water and nutrients in this environment. Most mycorrhizal and saprotro-
phic hyphae would probably have died off in the upper soil layers of the drought 
plot, since even saprotrophic fungi need water to metabolize organic matter. We 
cannot fully explain why hyphal biomass was higher in the thinned than in the un- 
thinned control plot (Fig. 8.7), but perhaps thinning increased fine root growth and 
deposition of organic matter and that this in turn increased the abundance of both 
mycorrhizal and saprotrophic fungi. Resource competition between fungi may also 
have been less intense in the thinned than in the un-thinned control plot, permitting 
higher fungal abundance in the thinned plot. Buée et al. (2005) showed that thinning 
of a Fagus sylvatica forest resulted in significantly higher ectomycorrhizal diversity, 
and we might speculate that higher species diversity also may lead to higher total 
hyphal biomass.

8.5  Conclusions

Using different methodological approaches, we have demonstrated that the root sys-
tem of Norway spruce shows great plasticity in its response to extended periods of 
drought. The main strategy of Norway spruce when exposed to extended drought 
seems to be to shift fine root growth to deeper soil layers, where moisture may be 
retained. This vertical shift in fine root growth is accompanied by a similar shift in 
the abundance of mycorrhizal fungi. The vertical redistribution of fine root and 
hyphal biomass may occur quite rapidly, from one growing season to the next. This 
drought avoidance strategy shows how Norway spruce and other forest trees may 
respond to future long term droughts induced by global warming and has implica-
tions for carbon storage and the carbon cycle. Drought responses at the individual 
tree level are likely to affect carbon storage at the whole forest level, since more 
carbon may be stored in forest soils if more carbon is deposited in deeper soil layers, 
where decomposition rates are slower.

Acknowledgements We thank Jaromíra Dreslerová for excellent technical assistance. This work 
was funded by Iceland, Liechtenstein and Norway through the EEA Financial Mechanism, the 
Norwegian Financial Mechanism (grant no. A/CZ0046/2/0009), Mendel University in Brno (grant 
IGA 73/2013), the EEA project FRAMEADAPT EHP-CZ02-OV-1-044-01-2014, and the project 
“Indicators of Tree Vitality” (Reg. No. CZ.1.07/2.3.00/20.0265), co-financed by the European 
Social Fund and the Czech Republic. We also acknowledge contribution by COST Actions FP1106 
“STReESS” and FP1305 “BioLink”.

8 Norway Spruce Fine Roots and Fungal Hyphae Grow Deeper in Forest Soils After…



140

References

Aber, J. D., Melillo, J. M., Nadelhoffer, K. J., McClaugherty, C. A., & Pastor, J. (1985). Fine root 
turnover in forest ecosystems in relation to quantity and form of nitrogen vailability: a compari-
son of two methods. Oecologia, 66, 317–321.

Allen, C. D., Macalady, A. K., Chenchouni, H., Bachelet, D., McDowell, N., et al. (2010). A global 
overview of drought and heat-induced tree mortality reveals emerging climate change risks for 
forests. Forest Ecology and Management, 259, 660–684.

Andreassen, K., Solberg, S., Tveito, O. E., & Lystad, S. L. (2006). Regional differences in climatic 
responses of Norway spruce (Picea abies L. Karst) growth in Norway. Forest Ecology and 
Management, 222, 211–221.

Borken, W., Savage, K., Davidson, E.  A., & Trumbore, S.  E. (2006). Effects of experimental 
drought on soil respiration and radiocarbon efflux from a temperate forest soil. Global Change 
Biology, 12, 177–193.

Bréda, N., Huc, R., Granier, A., & Dreyer, E. (2006). Temperate forest trees and stands under 
severe drought: A review of ecophysiological responses, adaptation processes and long-term 
consequences. Annals of Forest Science, 63, 625–644.

Brownlee, C., Duddridge, J. A., Malibari, A., & Read, D. J. (1983). The structure and function 
of mycelial systems of ectomycorrhizal roots with special reference to their role in forming 
inter-plant connections and providing pathways for assimilate and water transport. Plant and 
Soil, 71, 433–443.

Brunner, I., Herzog, C., Dawes, M. A., Arend, M., & Sperisen, C. (2015). How tree roots respond 
to drought. Frontiers in Plant Science, 6, 547.

Buée, M., Vairelles, D., & Garbaye, J. (2005). Year-round monitoring of diversity and potential 
metabolic activity of the ectomycorrhizal community in a beech (Fagus sylvatica) forest sub-
jected to two thinning regimes. Mycorrhiza, 15, 235–245.

Čermák, J., Deml, M., & Penka, M. (1973). A new method of sap flow rate determination in trees. 
Biologia Plantarum (Prague), 15, 171–178.

Čermák, J., Kučera, J., & Nadezhdina, N. (2004). Sap flow measurements with some thermody-
namic methods, flow integration within trees and scaling up from sample trees to entire forest 
stands. Trees, 18, 529–546.

Ditmarová, L., Kurjak, D., Palmroth, S., Kmeť, J., & Střelcová, K. (2010). Physiological responses 
of Norway spruce (Picea abies) seedlings to drought stress. Tree Physiology, 30, 205–213.

Ekblad, A., Wallander, H., Godbold, D. L., Cruz, C., Johnson, D., et al. (2013). The production 
and turnover of extramatrical mycelium of ectomycorrhizal fungi in forest soils: Role in carbon 
cycling. Plant and Soil, 366, 1–27.

Ekelund, F., Rønn, R., & Christensen, S. (2001). Distribution with depth of protozoa, bacteria 
and fungi in soil profiles from three Danish forest sites. Soil Biology and Biochemistry, 33, 
475–481.

Eldhuset, T. D., Nagy, N. E., Volařík, D., Børja, I., Gebauer, R., et  al. (2013). Drought affects 
tracheid structure, dehydrin expression, and above- and belowground growth in 5-year-old 
Norway spruce. Plant and Soil, 366, 305–320.

Gaul, D., Hertel, D., Borken, W., Matzner, E., & Leuschner, C. (2008). Effects of experimental 
drought on the fine root system of mature Norway spruce. Forest Ecology and Management, 
256, 1151–1159.

Gebauer, R., Volařík, D., Urban, J., Børja, I., Nagy, N. E., et al. (2011). Effect of thinning on ana-
tomical adaptations of Norway spruce needles. Tree Physiology, 31, 1103–1113.

Gebauer, R., Volařík, D., Urban, J., Børja, I., Nagy, N. E., et al. (2012). Effects of different light 
conditions on the xylem structure of Norway spruce needles. Trees - Structure and Function, 
26, 1079–1089.

Gebauer, R., Volařík, D., Urban, J., Børja, I., Nagy, N.  E., et  al. (2015). Effects of prolonged 
drought on the anatomy of sun and shade needles in young Norway spruce trees. Ecology and 
Evolution, 5, 4989–4998.

I. Børja et al.



141

Hendrick, R.  L., & Pregitzer, K.  S. (1993). The dynamics of fine-root length, biomass, and 
nitrogen- content in 2 northern hardwood ecosystems. Canadian Journal of Forest Research, 
23, 2507–2520.

Hirano, Y., Noguchi, K., Ohashi, M., Hishi, T., Makita, N., et al. (2009). A new method for placing 
and lifting root meshes for estimating fine root production in forest ecosystems. Plant Root, 
3, 26–31.

IPCC. (2013). IPCC fifth assessment report. Weather, 68, 310–310.
Jackson, R. B., Mooney, H. A., & Schulze, E. D. (1997). A global budget for fine root biomass, 

surface area, and nutrient contents. Proceedings of the National Academy of Sciences, USA, 
94, 7362–7366.

Joslin, J. D., Wolfe, M. H., & Hanson, P. J. (2000). Effects of altered water regimes on forest root 
systems. New Phytologist, 147, 117–129.

Konôpka, B., & Lukáč, M. (2013). Moderate drought alters biomass and depth distribution of fine 
roots in Norway spruce. Forest Pathology, 43, 115–123.

Leuschner, C., Backes, K., Hertel, D., Schipka, F., Schmitt, U., et al. (2001). Drought responses at 
leaf, stem and fine root levels of competitive Fagus sylvatica L. and Quercus petraea (Matt.) 
Liebl. trees in dry and wet years. Forest Ecology and Management, 149, 33–46.

Leuschner, C., Hertel, D., Schmid, I., Koch, O., Muhs, A., & Holscher, D. (2004). Stand fine root 
biomass and fine root morphology in old-growth beech forests as a function of precipitation 
and soil fertility. Plant and Soil, 258, 43–56.

Lukáč, M., & Godbold, D. L. (2010). Fine root biomass and turnover in southern taiga estimated 
by root inclusion nets. Plant and Soil, 331, 505–513.

Lyr, H., & Hoffmann, G. (1967). Growth rate and growth periodicity of tree roots. International 
Review of Forest Research, 2, 181–206.

McDowell, N. G., & Sevanto, S. (2010). The mechanisms of carbon starvation: How, when, or 
does it even occur at all? New Phytologist, 186, 264–266.

McDowell, N., Pockman, W. T., Allen, C. D., Breshears, D. D., Cobb, N., et al. (2008). Mechanisms 
of plant survival and mortality during drought: Why do some plants survive while others suc-
cumb to drought? New Phytologist, 178, 719–739.

Meier, I. C., & Leuschner, C. (2008). Belowground drought response of European beech: Fine root 
biomass and carbon partitioning in 14 mature stands across a precipitation gradient. Global 
Change Biology, 14, 2081–2095.

Moser, B., Kipfer, T., Richter, S., Egli, S., & Wohlgemuth, T. (2015). Drought resistance of Pinus 
sylvestris seedlings conferred by plastic root architecture rather than ectomycorrhizal colonisa-
tion. Annals of Forest Science, 72, 301–309.

Muhsin, T. M., & Zwiazek, J. J. (2002). Ectomycorrhizas increase apoplastic water transport and 
root hydraulic conductivity in Ulmus americana seedlings. New Phytologist, 153, 153–158.

Plamboeck, A. H., Dawson, T. E., Egerton-Warburton, L. M., North, M., Bruns, T. D., & Querejeta, 
J. I. (2007). Water transfer via ectomycorrhizal fungal hyphae to conifer seedlings. Mycorrhiza, 
17, 439–447.

Pregitzer, K. S., Hendrick, R. L., & Fogel, R. (1993). The demography of fine roots in response to 
patches of water and nitrogen. New Phytologist, 125, 575–580.

Roudier, P., Andersson, J.  C. M., Donnelly, C., Feyen, L., Greuell, W., & Ludwig, F. (2016). 
Projections of future floods and hydrological droughts in Europe under a +2 degrees C global 
warming. Climatic Change, 135, 341–355.

Santantonio, D., & Hermann, R. K. (1985). Standing crop, production, and turnover of fine roots 
on dry, moderate, and wet sites of mature douglas-fir in western Oregon. Annales des Sciences 
Forestières, 42, 113–142.

Schall, P., Lödige, C., Beck, M., & Ammer, C. (2012). Biomass allocation to roots and shoots 
is more sensitive to shade and drought in European beech than in Norway spruce seedlings. 
Forest Ecology and Management, 266, 246–253.

Sevanto, S., McDowell, N. G., Dickman, L. T., Pangle, R., & Pockman, W. T. (2014). How do 
trees die? A test of the hydraulic failure and carbon starvation hypotheses. Plant Cell and 
Environment, 37, 153–161.

8 Norway Spruce Fine Roots and Fungal Hyphae Grow Deeper in Forest Soils After…



142

Sohn, J. A., Kohler, M., Gessler, A., & Bauhus, J. (2012). Interactions of thinning and stem height 
on the drought response of radial stem growth and isotopic composition of Norway spruce 
(Picea abies). Tree Physiology, 32, 1199–1213.

Solberg, S. (2004). Summer drought: A driver for crown condition and mortality of Norway spruce 
in Norway. Forest Pathology, 34, 93–104.

Steele, S. J., Gower, S. T., Vogel, J. G., & Norman, J. M. (1997). Root mass, net primary produc-
tion and turnover in aspen, jack pine and black spruce forests in Saskatchewan and Manitoba, 
Canada. Tree Physiology, 17, 577–587.

Vogt, K. A., Vogt, D. J., Palmiotto, P. A., Boon, P., Ohara, J., & Asbjornsen, H. (1996). Review of 
root dynamics in forest ecosystems grouped by climate, climatic forest type and species. Plant 
and Soil, 187, 159–219.

I. Børja et al.



143© Springer International Publishing AG 2017 
M. Lukac et al. (eds.), Soil Biological Communities and Ecosystem Resilience, 
Sustainability in Plant and Crop Protection, DOI 10.1007/978-3-319-63336-7_9

Chapter 9
Ectomycorrhizal Diversity in Beech 
Dominated Stands in Central Europe

Christoph Rosinger, Hans Sandén, and Douglas L. Godbold

Abstract Mycorrhizal fungi are essential for ecosystem functioning. They are the 
most important pathway of plant-derived C into the soil and facilitate most of the N 
and P uptake. In boreal and temperate forest ecosystems, the subgroup of ectomy-
corrhizas is of special significance, and ectomycorrhizal symbiosis is obligatory for 
a number of tree species. These fungal assemblages can be highly diverse, which is 
often contrasting with the relatively low number of tree species. This is also true for 
small monoculture stands, where several studies showed dozens of different ecto-
mycorrhizal species. The elemental mechanisms that drive ectomycorrhizal com-
munity composition and structure, especially on larger scales, are still subject of 
debate. In particular, the role and function of most of the rare species remain largely 
unknown. In this chapter, we investigate the structural traits of ectomycorrhizal 
communities of European beech (Fagus sylvatica), one of the most important tree 
species in temperate deciduous forest ecosystems. We therefore compiled data from 
ten different beech dominated sites across a European gradient to seek for ubiqui-
tously valid statements regarding the species composition and community structure 
of ectomycorrhizae. A total of 205 ectomycorrhizal species were detected, of which 
45% and 35% could be identified to the species and genus level, respectively. The 
majority of them are site-specific and found in very low abundances. A few species 
with narrow host range such as Lactarius subdulcis, Laccaria amethystina or 
Lactarius pallidus show low abundances on many sites. Three species, namely 
Hebeloma sinapizans, Lactarius salmonicolor and Elaphomyces aculeatus, 
appeared to be very dominant on one respective site. Cenococcum geophilum and 
Russula ochroleuca, both considered multi-host species, occur at all or rather sev-
eral sites with relatively high abundances. Species ranking-abundance curves 
revealed a universal distribution pattern, with few dominant ectomycorrhizal spe-
cies and a long tail of rare species. This shape is regardless of stand age and manage-
ment practice, though no statistically significant correlations with species richness 
and the latter mentioned parameters could be found. By looking at several commu-
nity structures, we were able to add another dimension of rarity and found most of 
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the species not only being rare at a particular site, but also rare in terms of single 
appearance across several analysed stands. However, a vast part of ectomycorrhizal 
fungal species still remains unidentified. This circumstance further impedes our 
understanding concerning the occurrence of rare species. Yet, understanding their 
functional behaviour is of particular significance, as they could pose a key factor in 
ecosystem functioning, especially under changing climatic conditions.

Keywords Community structure • Diversity • Ectomycorrhiza • European beech • 
Fagus sylvatica

9.1  Introduction

One of the most prominent mutualistic interactions in terrestrial ecosystems is the 
symbiosis of fungi with plant roots, also known as mycorrhiza. Mycorrhizal fungi 
are only a rather small group within the kingdom of fungi, however they play a criti-
cal role in nutrient cycling and ecosystem functioning (Smith and Read 2008). 
Mycorrhizal fungi improve plant growth and survival through a mutualistic rela-
tionship in which photoassimilates are exchanged for increased access to nutrients 
(Kernaghan 2005).

There are seven forms of mycorrhizal symbiosis covering most of the plant king-
dom. Many economically and ecologically important trees in boreal and temperate 
ecosystems as well as some tropical tree species form ectomycorrhizas. Molina 
et al. (1992) estimated that between 5000–6000 fungal species, mainly within the 
groups Basidiomycota and Ascomycota, form ectomycorrhizal (EM) symbioses. 
However, estimates of the number of species are uncertain, and increased taxo-
nomic efforts will further raise this number in the near future.

Common diversity theories do not seem to be appropriate to describe the com-
munity structure and diversity of ectomycorrhizal fungi. EM diversity is highest in 
temperate and boreal biomes, subtending with the latitudinal gradient of species 
richness. In temperate forest ecosystems, the richness and diversity of EM fungi 
further contrast with the relatively low number of tree species. This is also true for 
small monoculture stands, where several studies showed dozens of different ecto-
mycorrhizal species (Kjøller 2006; Pena et  al. 2010). Even single roots can be 
infested by several different species (pers. obs.). Despite the fact that we can esti-
mate ectomycorrhizal species numbers, the mechanisms that drive ectomycorrhizal 
diversity, composition as well as community structure, particularly on a global 
biome scale, remain largely unexplained.

In this book chapter, we examine structural traits of ectomycorrhizal communi-
ties on a European scale. For this purpose, we have chosen the tree species Fagus 
sylvatica, one of the economically and ecologically most important forest tree spe-
cies in temperate mid-European deciduous forests (Ellenberg and Leuschner 1996; 
Pritsch et  al. 2009). Like all Fagaceae, it forms only EM symbioses, which are 
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considered as ecologically obligatory for this species (Druebert et al. 2009), and the 
fine root tips are normally fully mycorrhizal (Taylor et al. 2000; Rumberger et al. 
2004; Buée et al. 2005; Grebenc and Kraigher 2007). Beech is considered to exhibit 
extremely high ectomycorrhizal species diversity (Reich et al. 2009). Natural diver-
sity levels were found to be around 25–30 EM fungal species for a mature beech 
forest (Grebenc and Kraigher 2007; Kraigher et al. 2007; Di Marino et al. 2009). 
However, intensive sampling over a whole vegetation period doubled the number of 
recognized EM species to sixty (Buée et al. 2005). Beech secures EM fungal species 
richness and is therefore ecologically important as a warrantor of EM fungal diver-
sity (Lang et al. 2011).

9.2  Ectomycorrhizal Community Structure of Fagus 
Sylvatica Dominated Stands Across Europe

The objective of this study was to look for patterns in species composition and com-
munity structure of ectomycorrhizas in beech (dominated) stands. To investigate the 
structural traits of EM communities, we carried out a literature study. Prerequisites 
were comprehensive datasets with relative abundance values for each ectomycor-
rhizal species and analysis of EM root tips by molecular techniques (not by morpho-
typing or sporocarp counts). Furthermore, we concentrated on mature and pure or 
rather beech dominated stands that were not exposed to any experimental distur-
bance, e.g. the artificial application of a double ozone concentration as evaluated in 
one study. In studies including experimental disturbances only the untreated control 
plots were used for the analysis.

Pot experiments or studies on seedlings were also excluded for the community 
structure analysis. Six papers with species abundance data for ectomycorrhizal 
diversity in beech stands on ten different sites were considered appropriate and used 
for further analysis (Table 9.1). The sites show a broad spatial range across Central 
Europe, including unmanaged as well as managed stands of various intensities. 
Stand age varied between 60 and 200 years.

In all ten sites combined a total of 205 ectomycorrhizal species were detected, of 
which 92 (45% of total) and 72 (35%) could be identified to the species and genus 
level, respectively, and 41 (20%) species remain unidentified. The latter two catego-
ries of EM species may show some species overlap between the studied sites.

By analysing the relative abundance of the ectomycorrhizal species present, a 
prevalent pattern emerged (Fig. 9.1). The majority of the species are site specific - 
that is, low in site frequency - and found in very low abundances. These species are 
located in the lower-left part of the figure. A few species with narrow host range 
such as Lactarius subdulcis, Laccaria amethystina or Lactarius pallidus had low 
abundances on several sites. Three species, namely Hebeloma sinapizans, Lactarius 
salmonicolor and Elaphomyces aculeatus, were very dominant on one site. 
Cenococcum geophilum and Russula ochroleuca, both of them considered multi- 
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host species, occur at all or rather most sites with relatively high abundances. C. 
geophilum was by far the most abundant EM species across all sites. This species 
occurred on all plots, and it was found to be the most frequent species in half of the 
sites. C. geophilum is one of the most frequently encountered EM species in nature 
and exhibits an extremely wide host and habitat range (Cairney and Chambers 
2013), which makes it one of the best studied EM species. Its high pioneer capabil-
ity allows it to invade newly formed soils on which EM hosts become established 
(Trappe 1962). It has a high adaptation potential to extreme site conditions 
(Haselwandter and Read 1980).

Along with C. geophilum, EM species within the genus Lactarius were found to 
be dominant root colonizers on F. sylvatica. They are one of the largest known ecto-
mycorrhizal genera within Basidiomycota and play a significant role as late-stage 
colonizers. Most of them exhibit a high degree of host specificity (Cairney and 
Chambers 2013), and Lactarius subdulcis, L. pallidus and L. salmonicolor are 
reported to be restricted to beech. In addition to these Lactarius species, L. blennius, 
L. vellereus and L. camphoratus were found on five, two and two sites, respectively, 

Table 9.1 Study sites with additional information used for the literature study

References Location Coordinates Altitude Stand age Objective of the study

Grebenc 
and 
Kraigher 
(2007)

S-Germany 48°25′08″N, 
11°39′41″E

485 60–70 Analysed double 
ambient ozone 
concentration

Kraigher 
et al. 
(2007)

Central 
Slovenia

46°7′33″N, 
15°3′41″E

700–800 80–140 Effects of pollution (N, 
S) from power plant

46°7′33″N, 
15°3′41″E

700–800 80–140

Di Marino 
et al. 
(2009)

N-Italy 46°10′8″N, 
10°52′59″E

– 110–120 Analysed coppice and 
stand features

Grebenc 
et al. 
(2009)

SW 
Slovenia

45°39′36″N, 
15°0′36″E

860–890 80–120 Studied gap-opening in 
natural and managed 
forests45°39′15″N, 

15°1′40″E
860–890 Varying;  up 

to 200
Denmark 55°51′N, 

12°28′E
80–90 75

55°31′N, 
11°54′E

80–90 Natural 
regeneration 
back in 1755

Rineau and 
Garbaye 
(2010)

NE France 48°00′00″N, 
6°29′28″E

570 60 Liming experiment

Lang et al. 
(2011)

C-Germany 51°05‘28″N, 
10°31‘24″E

350 100 Analysed host- 
preferences and 
differential 
contributions
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making this genera one of the most dominant ectomycorrhizas on beech. However, 
their abundance shows quite a wide range.

The second-most dominant genus is Russula, with R. ochroleuca being the most 
prominent representative of this group. Five species of Russula (R. ochroleuca, R. 
fellea, R. illota, R. mairei, R. cyanoxantha) were found on at least four different 
sites. For Russula, little information on ecological traits is available. This is due to 
high host specificity and the difficulty of cultivating Russula in vitro (Cairney and 
Chambers 2013). It is known that increased deposition of N and acidification of for-
est soils decreases the abundance of certain Lactarius and Russula species (e.g. 
Jansen 1990). Some species also tend to be intolerant of drought stress (Smith and 
Read 2008). We still lack a comprehensive understanding of structural and func-
tional traits of especially rare, single-host species. Further, their behaviour might be 
quite different in comparison to dominant multi-host species such as C. geophilum, 
which is known to be very competitive by means of inhibition at distance via myco-
toxins (Baar and Stanton 2000; Koide et al. 2005).

Rarity can be interpreted in several different ways. At first, a species might be 
considered rare when the relative abundance on all sites is low. On all sites, the least 

Fig. 9.1 Frequency and relative abundance of ectomycorrhizal fungal species on ten Fagus syl-
vatica sites; each symbol represents one species; relative abundance of a species is referred to as 
its abundance value in relation to the upmost abundant species on each site, respectively; e.g. 
Lactarius pallidus was found on 6 out of 10 sites with a mean relative abundance of 0.3; due to 
space limitation, error bars are solely shown for the 5 most frequent species; error bars indicate SE
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frequently encountered 60% of all detected EM species colonized around 12% of F. 
sylvatica root tips. The ten most abundant species occupied more than 30% of all 
ectomycorrhizal tips. However, rarity can also be described as being restricted to 
one or a few sites. With regard to this aspect, 171 of 205 EM species or 83% were 
found solely on one site, while only ten species were found on five or more sites. 
Both aspects of scarcity illustrate the significance of rare ectomycorrhizal species in 
these forest ecosystems.

9.3  Diversity Measures by Means of Species Ranking- 
Abundance Curves and Simpson’s Index

Several possibilities exist to describe diversity patterns. Usually, diversity is 
described by means of richness meaning the number of species, and evenness, 
which is a measure of the relative abundance of the species to each other. Combining 
these two traits into species ranking-abundance curves allows for description and 
comparison of structural traits among different studies.

In ranking-abundance curves, species are plotted in sequence from the most to 
the least abundant along the horizontal axis. Species abundance are typically dis-
played in a log10 format, so that species whose abundances might span several 
orders of magnitude can be easily illustrated on the same graph (Magurran 2004). 
Old as well as recent studies based on molecular identification techniques show a 
common pattern. A few ectomycorrhizal species show dominant root colonization, 
while there is a long list of species which occur rarely. This shape also seems to hold 
true for the ectomycorrhizal communities that we tested (Fig. 9.2), regardless of 
stand age or management practice. The shape of these curves can provide useful 
information about the community structure. Differences in evenness for example 
can be easily detected by considering the slope; a less steep slope indicates more 
even distribution and thus, higher evenness. The highest species richness seems to 
found in beech forests ranging from 80–140 years of stand age. However, no statisti-
cally significant correlation between stand age and species richness could be found 
(n = 10, p 0.204) (Fig. 9.2). Unmanaged stands do not exhibit higher species diver-
sity compared to managed stands. And although most species were found in a 100- 
year old beech forest that has been unmanaged for the last four decades, another 
unmanaged beech forest in Denmark (diamond symbols in Fig. 9.2), subject to natu-
ral regeneration since 1755, shows surprisingly low species richness. In a nutshell, 
the curve patterns do not offer ubiquitously valid statements with regard to stand 
age or management practice.

Another way to describe or rather compare diversity levels is by means of diver-
sity indices. The Simpson’s index is one of the most meaningful and robust measure 
of diversity available, as it captures the variance of the species abundance distribu-
tion (Magurran 2004).
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Reciprocal (1/D) and complement (1-D) forms of the index are the most widely 
used forms. Due to the fact that severe variance problems can arise from this recip-
rocal form, a log natural transformation was recommended by Rosenzweig (1995), 
leading to easier interpretation as it reflects the underlying diversity and is indepen-
dent of sample size. This independence of sampling size makes this index suitable 
for comparisons of our studies, as sampling volume and strategy differ greatly or are 
not clearly declared. Furthermore, a separate measure of evenness for the Simpson’s 
index can be calculated (Smith and Wilson 1996).

The Simpson indices values found in our studies range between .673 and .966 
(Table 9.2), and statistical analysis revealed no significant correlation between stand 
age and the calculated Simpson’s Indices (n=10, p  0.178). Though, the highest 
Simpson’s index was not evaluated for the site with the highest number of species 
(Lang et al. 2011), as this site exhibits a low Simpson’s evenness measure, empha-
sizing the role of evenness in this particular diversity measure.

Our attempt to calculate the Simpson’s indices revealed an overall problem, 
namely the availability of comprehensive meta information on sampling effort, 

Fig. 9.2 Ectomycorrhizal species ranking-abundance curves for ten Fagus sylvatica stands in 
Europe; species are ranked from the most to the least abundant; symbols represent sequence of 
studies in Table 9.1

9 Ectomycorrhizal Diversity in Beech Dominated Stands in Central Europe



150

strategy or species accumulation curves indicating whether a species asymptote has 
been reached or not. In many cases, specific root tip counts are not declared specifi-
cally for each plot, site etc., which impedes meta-analyses and comparability 
between sites.

9.4  Pandora’s Box: The Significance of Rare EM Species 
in Diversity and Ecosystem Functioning

Mycorrhizal fungi are immensely important in the forest ecosystem. They facilitate 
about 75% of annual P and 80% of annual N (Simard et  al. 2003; Hobbie and 
Hobbie 2006). They act as the most important pathway of plant-derived C into the 
soil (Godbold et al. 2006). It has been shown that a few dominant EM species con-
tribute remarkably to total EM root colonization (Taylor et al. 2000; Smith et al. 
2007; Cox et al. 2010; Pickles et al. 2010).

It is suggested that rare mycorrhizal fungi might be an important pool of func-
tional specialists for the adaptation of forest ecosystems to changing environmental 
conditions. This concept is based on the insurance hypothesis of biodiversity, where 
high biodiversity insures ecosystems against declines in their functioning caused by 
environmental fluctuations (Yachi and Loreau 1999). Pena et al. (2010) reported a 
loss of 50 fungal taxa from a total of 89 species, contributing 7.8% to root 
 colonization, due to the effect of girdling. Furthermore, they found noticeable 
changes in the relative abundance of certain species due to the effect of girdling. As 
a consequence, rare EM species have a possible function as warrantors of important 
functional traits, leading to a stabilization of ecosystem functioning and services 

Table 9.2 Simpson’s diversity index, complementary form and evenness measure, with 
information on root tip counts and species richness from the study sites

Reference
Simpson’s 
index (D)

Simpson’s 
index 
(1-D)

Simpson’s 
evenness 
(1/D)/S

Root tip 
counts

Number of 
species

Grebenc and Kraigher 
(2007)

0.108 0.892 0.355 20500 26

Kraigher 
et al. 
(2007)

Polluted 0.037 0.963 0.575 11944 47
Unpolluted 0.034 0.966 0.739 15552 40

Di Marino et al. (2009) 0.114 0.886 0.190 45946 46
Grebenc 
et al. 
(2009)

Managed 0.209 0.791 0.341 1818.5a 14
Unmanaged 0.067 0.933 0.598 1818.5a 25
Managed 0.256 0.744 0.488 1818.5a  8
Unmanaged 0.189 0.811 0.331 1818.5a 16

Rineau and Garbaye (2010) 0.327 0.673 0.161 739 19
Lang et al. (2011) 0.068 0.932 0.261 53322 56

aRoot tip counts calculated from a total number given
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(Johnson et al. 2005). Therefore, understanding the significance of rare species in 
dynamic ecosystem processes is essential.

Assuming that ectomycorrhizal species are specialized in certain beneficial func-
tions for the tree, the concept of functional complementarity could give us another 
useful explanation for the coexistence of rare species (Buée et al. 2005). The dis-
tinction into different exploration types as an expression of functional niche adapta-
tion might be one example (Agerer 2001). Enzyme profiling could be another means 
to search for functional traits. Many ectomycorrhizal types have been shown to 
exhibit specialization in their enzymatic profile, however enzyme activities were 
found to vary to a substantial degree among different samples of the same ectomy-
corrhizal fungi just taken few meters apart (Courty et  al. 2005), indicating high 
plasticity.

Buée et al. (2005) suggest an emphasis on analysing functional activities on sin-
gle EM root tips through (i) transcriptome analysis, (ii) isotope determinations, or 
other functions of root activity, such as (iii) metal complexing, protease and laccase 
activity or the release of protons and organic acids, with special emphasis on rare 
species. Recent studies extend the functional importance of EM fungi by depicting 
their participation in the regulation of plant hormone signalling, defences (Plett 
et al. 2014; Pozo et al. 2015), hyphosphere priming through the release of labile C 
compounds into the soil (Jansa et al. 2013) and the transfer of plant allelopathic 
compounds through mycelial networks (Johnson and Gilbert 2015). It is difficult to 
postulate general statements about ectomycorrhizal populations, and especially rare 
species could feature functions and activities of potential importance. Therefore, 
examining the functional differences among species is important to understand their 
role in ecosystem functioning (Koide et al. 2007).

In our opinion, better availability of meta-information on study site characteris-
tics, sampling technique and effort, basic soil and climatic parameters and so on 
could be helpful for detailed and meaningful meta-analyses on structural traits of 
ectomycorrhizal communities.

Meta-analyses are still rare and progress is often hampered by a paucity of meta-
data on above-mentioned parameters which limits larger scale ecological analyses 
(Lilleskov and Parrent 2007). Diversity studies on different species and ecosystems 
especially emphasise the importance of the sampling effort (sample size, sample 
volume) on the interpretation of biodiversity-ecosystem function relationships 
(Wardle 1999), a factor often neglected. To address this problem, species accumula-
tion curves can help clarify whether most of the EM species were detected by the 
sampling effort. It is known that spatial and temporal dynamics of EM communities 
enhance diversity data (Jonsson et al. 2001; Erland and Taylor 2002), and the usual 
way of sampling (which is often around bud break or leave fall) might drastically 
underestimate some morphotypes (Buée et  al. 2005). Gardes and Bruns (1996) 
 suggest intensive sampling over a minimal period of three years to obtain insight in 
EM species composition and community structure.

If it is unknown if asymptotic levels of EM species were reached within the ana-
lysed studies, then this impedes detailed comparisons between the studies for rare 
species (Taylor 2002). For the sites used in our analysis a regression analysis con-
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firms that the number of counted (vital) root tips has a highly significant effect on 
the number of ectomycorrhizal species detected (Fig. 9.3, hyperbolic fit, n = 10, 
p 0.0021). Not addressing this point could drastically underestimate species rich-
ness, and especially rare species might be neglected. Therefore, sampling effort and 
strategy must be considered when studies are analysed and compared with each 
other (Nara 2008). Figure 9.3 appears to give us a rough estimate of how many root 
tip counts would be necessary to approximately reach an asymptotic level of 
detected species. Evaluating around 20,000–30,000 vital root tips might be appro-
priate with respect to our ten study sites. Thus, certain factors such as diverse stands 
in terms of tree age, micro-sites etc. must be taken into consideration. The clustered 
nature of ectomycorrhizal species (Horton and Bruns 2001) further complicates the 
attempt of realistically assessing species richness. Therefore, pretesting with a ran-
dom sampling design can be a meaningful measure to estimate the required amount 
of samples.

Fig. 9.3 Species accumulation curve with number of counted root tips as measure for sampling 
effort; diamonds represent sampling effort of our ten analysed sites
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9.5  Conclusions

Ectomycorrhizal symbioses are of great significance and fulfil several important 
functions in temperate and boreal forests. However, their high richness and diversity 
often contrasts with the low number of tree species (Buée et al. 2007). Several doz-
ens of different EM species on a stand scale can be detected. Yet, most of the stands 
are dominated by a few species, and a rather long tale of rare species colonizes a 
small portion of the root tips. This structural trait of a typical harp-shaped ranking- 
abundance curve seems valid for EM on a number of tree species across several 
forest biome/ecosystems (Jonsson et al. 1999; Grogan et al. 2000; Tedersoo et al. 
2006). Our study revealed a similar pattern in beech stands across managed and 
unmanaged stands of different age in Europe. By looking at several EM community 
structures, we were able to add another dimension of rarity and found most of the 
species not only being rare at a particular site, but also rare in terms of single appear-
ance across several analysed stands. The opposite is true for dominant species, 
where a few species such as Cenococcum geophilum, Russula ochroleuca and 
Lactarius subdulcis were found quite frequently on most of the sites. While much is 
known about these highly frequent species, the role and function of these so-called 
rare species remain largely unknown. Although it is likely that many EM fungal 
taxa fulfil largely similar ecological functions (Allen et al. 1995), communities of 
ectomycorrhizal fungi are still likely to retain a vast amount of functional heteroge-
neity, considering their high taxonomic diversity (Cairney 1999). Therefore, while 
possibly just a small number of species is essential under constant environmental 
conditions, these rare species could be important for maintaining ecosystem func-
tioning under changing climatic conditions (Loreau et al. 2001). It is still an open 
question which species are of particular relevance on certain processes in certain 
ecosystems. More knowledge is required to comprehensively understand the role of 
EM for ecosystem functioning.

There is an ongoing debate how ectomycorrhizal communities can be enqueued 
into recent ecological theories. Certain diversity paradigms such as the high EM 
diversity in pure, even-aged forest stands (Dahlberg 2001; Horton and Bruns 2001) 
or the entity and function of rare ectomycorrhizal species remain subject of debate. 
Several stochastic (Hubbell 2001), deterministic (Vandermeer 1972; Yachi and 
Loreau 1999; Chagnon et al. 2012) as well as combined approaches (Tilman 2004) 
have been used to describe ecological networks. They all showed their legitimacy 
for certain communities, but failed to reach an overarching consensus when their 
approach was applied to (ecto)mycorrhizal taxa (Southworth et al. 2005). Studies 
on EM fungi indicate that several different types of interactions may be taking place 
(Pickles et al. 2012). In particular, explaining the abundance of rare taxa remains 
difficult (Buscot 2015), yet they could be a key factor for understanding mecha-
nisms and missing links in ecosystem functioning.
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Chapter 10
Arbuscular Mycorrhizal Fungal Communities 
Pushed Over the Edge – Lessons from 
Extreme Ecosystems

Irena Maček

Abstract The diversity and structure of soil microbial communities are crucial ele-
ments in understanding the ecological impacts of rapidly changing environments. 
One important group of soil microbes is the ubiquitous plant symbiotic arbuscular 
mycorrhizal (AM) fungi. Their diverse communities are shaped by complex interac-
tions of their abiotic and biotic environments. Locally extreme ecosystems have 
proven to be useful for natural long-term experiments in the ecology and evolution 
of AM fungi, giving an insight into much-needed processes of adaptation and accli-
mation of natural communities to abiotic stress. For example, data from natural CO2 
springs (mofettes) show that when exposed to extreme long-term stress (soil hypoxia 
and elevated soil CO2 concentrations) specific and temporary stable AM fungal 
communities form with a high abundance of specialised, stress-tolerant taxa. 
Moreover, in both natural– and human-impacted ecosystems there are several such 
cases. This chapter covers a wide range of extremes (abiotic stresses) in the pedo-
sphere, from high to low temperatures, drought and floods, hypoxia, salinity, and 
soil pollution. An overview of several specific stressed environments where AM 
fungal community ecology has been studied is presented. In some of these cases, 
locally extreme environments have already been used and could further serve as a 
powerful tool to study slow ecological and evolutionary processes that normally 
require long-term observations and experiments to study them.
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10.1  Introduction

Understanding mechanisms regulating the diversity and structure of soil microbial 
communities is urgently required for predicting the ecological impacts of rapidly 
changing environments. Arbuscular mycorrhizal (AM) fungal communities are 
diverse and near ubiquitous, symbiotically interacting with most terrestrial (Fitter 
and Moyersoen 1996; Smith and Read 2008), and some aquatic (e.g. Baar et al. 
2011; Kohout et al. 2012; Sudová et al. 2015; Moora et al. 2016), plants. What struc-
tures their communities in natural ecosystems remains a matter of debate; however, 
it is clear that a complex combination of abiotic and biotic factors are determinants 
of AM fungal community composition. The direct effect of abiotic stress on AM 
fungal communities is less well understood than the impact it may have on their host 
plants. Recently, two hypotheses have been proposed predicting how AM fungi may 
respond to abiotic stress (Millar and Bennett 2016). The first, the stress exclusion 
hypothesis, predicts that AM fungal abundance and diversity will decrease with 
persistent abiotic stress, mostly by means of competitive exclusion of less tolerant 
taxa to a particular or combination of stress factors. The second, the mycorrhizal 
stress adaptation hypothesis, predicts that AM fungi will evolve in response to abi-
otic stress to maintain their fitness. While it is still not clear which are the main 
mechanisms behind AM fungal stress response, the authors of the study conclude 
that abiotic stress can have effects on AM fungi independent of the effects on the 
host plant (Millar and Bennett 2016). Moreover, there have been some studies in 
which the direct effects of abiotic factors on AM fungal communities have been 
well documented. Data from natural CO2 springs (mofettes), for example, show AM 
fungal community response to long-term soil hypoxia. Mofettes are a valuable eco-
system in which studies in ecology and evolution are possible with the system serv-
ing as a long-term natural experiment (Maček et  al. 2011, 2016a; Šibanc et  al. 
2014). The latter can be used to gain much-needed insight into the adaptation of 
natural communities and their ecological networks to the changing environment, 
including climate change.

However, apart from soil hypoxia (for a review see Maček 2017), there are many 
other stress factors that may even be more common in natural– and agro-ecosystems 
and still need more attention in the context of studies of soil microbial ecology. 
Here, AM fungi present just one but nevertheless functionally important and diverse 
group of organisms. The abiotic stress can be defined as a shift in any non-living 
factor within the environment away from the optimal condition or away from the 
condition to which most organisms in that environment have become adapted 
(Millar and Bennett 2016). Since natural ecosystems are often noisy and therefore 
challenging for research, one way of eliminating at least some of the variability is a 
study of locally extreme environments (for a review see Maček et al. 2016a). In 
extreme environments, selective pressures are sometimes long-term and relatively 
constant, providing ideal conditions for examining the genetic adaptation of bio-
logical communities to specific conditions (Maček et  al. 2011, 2016a). Abiotic 
stresses, however, include a range of different factors, such as, for example, high 
and low temperatures, drought and floods, hypoxia, salinity, and different types of 
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soil pollution. In this chapter, an overview of some specific environments where AM 
fungal diversity and community ecology has been studied will be presented. As a 
well-documented example, mofettes or natural CO2 springs, serving as a model 
natural ecosystem for soil hypoxia research, are presented as a case study (Maček 
et al. 2016a; see Sect. 10.3.2).

10.2  Arbuscular Mycorrhiza

About 80% of all vascular plant species form arbuscular mycorrhiza, which is an 
underground symbiotic association between plants and AM fungi (Smith and Read 
2008) (Figs. 10.1 and 10.2). This is a functionally important group of soil fungi 
involved in many terrestrial ecosystem processes (Fitter 2005; Rosendahl 2008). 
The symbiosis is ancient, over 450 million years old, and was significant in enabling 
the colonisation of land by plants (Redecker et al. 2002). AM fungi were accompa-
nying plants in their transition from water to land from the very beginning and have 
been evolving in a range of diverse terrestrial and aquatic ecosystems. They are 
important players in key soil functions such as biogeochemical cycling of essential 
macronutrients and minerals, and maintenance of soil structure. For plants, there are 
several benefits of being mycorrhizal; AM fungi facilitate plant mineral nutrient 
uptake from the soil, affect plant water relations, and pathogen and pollutant resis-
tance and tolerance (Smith and Read 2008). Indeed, as the most exposed function, 
mycorrhizal fungi provide significant amounts of N and P to their host plants in 

Fig. 10.1 AM fungi – root colonisation with abundant arbuscules in the root cortex of a C4 grass 
Setaria pumila
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natural ecosystems, especially those with reduced soil nutrient availability (see 
Fitter 2005; van der Heijden et al. 2015).

Therefore, AM fungi are common in many stressed environments and have been 
shown to increase plant survival and vitality in such ecosystems. They acquire all 
their carbon from the host plants and have central roles (e.g. nutrient cycling) in 
many habitats. Several indicators exist that the benefits provided to plants by AM 
fungi will become even more important due to increased abiotic stresses caused by 
climate change (e.g. Hanson Welzin 2000).

Understanding AM fungal ecology and identification of the main predictors of 
their community-level processes applies to a wide range of habitats. By delivering 
to the plant a range of benefits, they have a profound effect on plant community 
dynamics and diversity (Fitter 2005; van der Heijden et al. 2015). Recent molecular 
studies have shown, that communities of AM fungi in nature are more diverse than 
originally thought on the basis of spore morphology. AM fungal spores still serve as 
the main taxonomic characteristic since AM fungi cannot be identified morphologi-
cally in roots (Merryweather and Fitter 1998) (Figs. 10.1 and 10.2). It is known, 
however, that soil spore counts do not reflect the AM fungal diversity in plant roots 
and are not necessarily correlated with physiologically active AM fungal taxa form-
ing mycorrhiza (e.g. Clapp et al. 1995; Renker et al. 2005). Since the morphological 
features of the structures of AM fungi in plant roots only allow low levels of identi-
fication, molecular approaches are needed for a more detailed description of their 
communities. The majority of the ecological studies on AM fungi are constructed 
on DNA- based techniques that have been developed to quantify AM fungi in field-
collected soil and plant roots since the 1990s (e.g. Helgason et al. 1998).

Although over 250 morpho-species of the ph. Glomeromycota have been 
described (Walker and Trappe 1993; Schüßler 2008), molecular data show that sig-

Fig. 10.2 Spores and extra-radical hyphae of AM fungus Rhizophagus irregularis around trans-
formed Medicago truncatula roots in in vitro culture
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nificantly more AM fungal taxa exist, however those are currently known solely by 
their environmental sequences (e.g. Helgason et al. 2002; Öpik et al. 2013, 2014). 
With improved DNA-based identification methods, such as next generation sequenc-
ing (NGS), our ability to study soil microbial diversity has started to increase (e.g. 
Roesch et al. 2007; Öpik et al. 2009; Schloss 2009; Lemos et al. 2011; Dumbrell 
et  al. 2011), allowing the characterisation of important mechanisms structuring 
natural AM fungal communities and tracking their seasonal dynamics (e.g. Dumbrell 
et al. 2011). The heterogeneous and dynamic nature of soil ecosystems, however, 
still makes it challenging to study the effect of the soil environment on natural 
microbial communities in situ.

10.3  AM Fungal Diversity in Extreme Ecosystems

Extreme environments have been defined as having one or more environmental 
parameters showing values permanently close to the lower or upper limits known for 
life (ESF – European Science Foundation report 2007). Therefore, for non- adapted 
organisms, an extreme environment is simultaneously a highly stressful one. The 
diversity of extreme environments is vast and can include several abiotic factors, 
ranging from physical (e.g. extremely high and extremely low temperatures), 
resource availability (e.g. limited water and O2), to different types of pollution.

AM fungal diversity has been studied in several extreme ecosystems (Fig. 10.3); 
however, the use of molecular methods in the characterisation of their communities, 

Fig. 10.3 AM fungal diversity (communities) and abiotic stress in selected extreme ecosystems 
that show potential for serving as long-term experimental sites in ecology and evolution
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along with detailed description of relevant abiotic and biotic factors impacting their 
community structure, or even their temporal stability, is still limited. In most cases, 
AM fungal communities have not been sampled to saturation, and more intensive 
sampling might result in detecting additional taxa and would allow for a more real-
istic description of the patterns in the community ecology of this group of organ-
isms. For example, the next generation sequencing (NGS) approaches (e.g. Dumbrell 
et al. 2011, 2016) may reveal other new taxa to be present, in particular, the rare 
ones, which are usually found only with the use of a higher-throughput methodol-
ogy. The latter allows more intense sampling and is increasing the number of the 
analysed sequences (Dumbrell et al. 2016). Specifically, there is a need to target 
some less studied habitats, including aquatic and extreme environments (Fig. 10.3), 
where a combination of different approaches and expertise is needed. In particular, 
uniting species– (taxonomy) and community–oriented (ecology) approaches would 
be a major advantage in studying AM fungal community ecology and global diver-
sity patterns (Öpik and Davison 2016).

10.3.1  Temperature and Drought

Both extremes, very high and very low temperatures can be problematic for life, 
since temperature stress disrupts metabolic processes in living organisms (e.g. pro-
tein stability, enzymatic reactions, changes in membrane fluidity and electron flow). 
Along with challenging temperatures, limited water availability is accompanying 
both extremes. Cell dehydration is not only common in dry and hot places, like 
deserts, but also occurs during freezing stress caused by extracellular ice crystal 
formation.

The community composition of AM fungi in northern latitudes remains poorly 
investigated (Francini et al. 2014; Öpik and Davison 2016), while there have been 
some reports of AM fungi in Swiss alpine sites (e.g. Oehl et al. 2012; Oehl and 
Körner 2014). One of the reasons may also be a limited number of projects involv-
ing AM fungal researchers that have access to those sites. In addition, arctic and 
alpine tundra are dominated by ericaceus plant species which host diverse networks 
of root-associated fungi forming other types of symbiosis in which AM fungi are 
not common (Toju et  al. 2016). Indeed, in a recent study using high-throughput 
sequencing, fungal communities in alpine tundra were shown to be dominated by 
the taxa from the ascomycete order Helotiales and basidiomycete order Sebacinales, 
which are known to embrace ectomycorrhizal fungal lineages allied to ericoid 
mycorrhizal ones (Tedersoo et al. 2009, 2014). Despite the deep sequencing of root- 
associated fungal community compositions in the study of Toju et al. (2016), only a 
very small number of AM fungal sequences were found, which shows that arbuscu-
lar mycorrhiza is rare in those habitats and that diversity of AM fungi is low, as also 
seen in other studies (Francini et al. 2014; Varga et al. 2015). This is in accordance 
with the general knowledge that AM symbiosis usually dominates in milder and 
warmer abiotic environments (Read 1991). Nevertheless, other vegetation types and 
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plant hosts that are known to form a symbiosis with AM fungi should also be more 
thoroughly examined for AM fungal diversity, both in alpine and arctic areas.

Indeed, the few reports on AM fungal diversity in arctic and alpine areas show 
that there also is a high number of taxa that are adapted to extreme conditions in the 
indigenous AM fungal communities (e.g. Francini et al. 2014). A similar observa-
tion was also found in an alpine site in Switzerland (Dom summit, at 4,505 m asl) 
known as the coldest place where angiosperm plant life is found, where five differ-
ent species of AM fungi were found colonising Saxifraga oppositifolia (Oehl and 
Körner 2014). In those conditions the capability of the fungi to form long-surviving 
spores and retaining their viability after long-term cold conditions with freezing 
temperatures is vital (Varga et al. 2015). In addition, root colonisation from other 
AM fungal structures (e.g. vesicles) is also possible, and in such conditions some 
adaptive traits of fungi may be present, either colonising new roots from the existent 
structures in the roots or the ability for germination under cold conditions just above 
freezing temperatures, as observed for Archaeospora trappei from Dom summit, a 
species that is not known to form vesicles (Oehl and Körner 2014).

On the other end of temperature extremes, there have been several reports on the 
diversity of AM fungi in deserts, for example from the Arabian Peninsula 
(Al-Yahya’ei et  al. 2010; Symanczik et  al. 2014a), and Eritrea in East Africa 
(Harikumar et al. 2015), with several descriptions of new species based on spore 
morphology and in some cases also molecular identification (e.g. Symanczik et al. 
2014b). Furthermore, geothermal vents are another specific high-temperature envi-
ronment where AM fungal communities were studied. This was done in the geother-
mal and non-thermal grasslands in  the Yellowstone National Park (USA), where 
plants experience rooting zone temperatures of 45 degrees C or more (Appoloni 
et al. 2008; Lekberg et al. 2011), and in geothermal areas of Iceland (Appoloni et al. 
2008). Five of the seven operational taxonomic units (OTUs) detected in Iceland 
were also found in Yellowstone National Park. A subset of three OTUs was deter-
mined to be associated with geothermal conditions in the field sites analysed, while 
the AM fungal communities in geothermal soils include both unique OTUs and 
generalist fungi that occur across a broad range of environmental conditions 
(Appoloni et  al. 2008). With the exception of an apparent generalist fungal type 
closely related to Glomus intraradices1, AM fungal community composition in the 
Yellowstone National Park was highly correlated with soil pH and pH-driven 
changes in soil chemistry, and the large differences in soil temperature and differ-
ences in plant community composition were only secondary factor affecting the AM 
fungal community (Lekberg et al. 2011). Soil pH has also been confirmed in other 
studies as the main abiotic driver of AM fungal community composition (e.g. 
Dumbrell et al. 2010).

1 The names from the original papers have been used in this Chapter, as some authors are following 
the nomenclature preceding the major modifications published by Schüßler and Walker (2010), 
and Oehl et al. (2011). See also Öpik et al. (2013) for comparison between names.
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10.3.2  Anaerobic Stress

Hypoxia (low O2 concentration) or even anoxia (lack of O2) in plant rhizosphere are 
common phenomena that can be consequence of flooding, submergence, soil com-
paction, or are a specific characteristic of some extreme ecosystems (e.g. due to 
geological CO2 release in natural CO2 springs (mofettes), after displacing soil O2 
with CO2 or sometimes water) (Maček et al. 2016a; Maček 2017). Plants and soil 
fungi are known to be obligate aerobes and are sensitive to O2 deficiencies in their 
environment since they need a sufficient amount of this gas to support their aerobic 
metabolism. Large areas of land are flooded each year and climate change models 
projections show the extreme events resulting in increased areas of flooding to 
become even more frequent and severe in the future (Hirabayashi et  al. 2013). 
Therefore, anaerobic soil conditions will be an even more common phenomenon 
both in natural and agroecosystems.

Most of the studies of AM fungal diversity in submerged ecosystems (in the 
context of permanent plant root and aerial system flooding) come from aquatic mac-
rophyte vegetation from the oligotrophic and ultraoligotrophic lakes of northern 
Europe (e.g. Baar et al. 2011; Sudová et al. 2015; Moora et al. 2016, for review see 
also Maček 2017). Only very recently, and empowered by the newly developed 
molecular tools, researchers have looked further into AM fungal community com-
position in these specific ecosystems. Diverse AM fungal communities have been 
found in the roots of an aquatic macrophyte Littorella uniflora, with several AM 
fungal taxa present, including the taxa from the genera Glomus, Acaulospora, and 
Archaeospora (Baar et al. 2011; Kohout et al. 2012), and a significant share of pre-
viously non-recorded sequences. The latter has been reported also from a recent 
study on AM fungal communities inhabiting the roots of submerged aquatic plant 
Lobelia dortmanna (Moora et al. 2016). A new AM fungal species, Rhizoglomus 
melanum, was also recently described and isolated from the rhizosphere of aquatic 
macrophytes from the freshwater lake Avsjøen in Norway (Sudová et  al. 2015). 
Those aquatic plants have characteristic aeration systems allowing rapid O2 diffu-
sion from the shoots to the roots and are known for high radial O2 losses from their 
roots into the sediment (Smolders et al. 2002). The AM fungi appear to be depen-
dent on the high O2 concentrations in the roots and surrounding root zones of the 
aquatic plants (Wigand et al. 1998), and this appears to be a consistent and impor-
tant component of AM fungal habitats in hypoxic soils.

Natural CO2 springs, or mofettes, are another ecosystem with long-term soil 
hypoxia and relatively well-described communities of AM fungi (Maček et al. 2011, 
2016a, see Fig. 10.4). These are tectonically or volcanically active sites with CO2 
gas vents, through which ambient temperature geological CO2 reaches the surface 
(Vodnik et al. 2006, 2009; Maček et al. 2012, 2016a; Maček 2013). Here, O2 in the 
soil atmosphere is largely displaced by CO2. Thus far, only the research by Maček 
et al. (2011, 2016a), studying the impact of elevated CO2 and soil hypoxia on the 
diversity of AM fungal communities, has focused on the diversity of AM fungi from 
these habitats. In this study, significant levels of AM fungal community turnover 
(beta diversity) between soil types and the numerical dominance of specific AM 
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fungal taxa when exposed to soil hypoxia were found. This work strongly suggests 
that direct environmental selection acting on AM fungi is a major factor regulating 
AM fungal communities  (Maček et  al. 2011). Moreover, mofette research has 
allowed a further step of using locally extreme environments as natural experiments 
where important questions in ecology and evolution can be investigated (Maček 
et al. 2016a). Extreme, persistent, and directed abiotic pressures have been shown to 
result in a more stable system with highly specific and partially predictable compo-
sition of microbial communities, dominated by the adapted taxa consistently pres-
ent in high abundance in those soils (e.g. Maček et al. 2016a). This has already been 
confirmed for several groups of mofette microbes: archaea and bacteria (Šibanc 
et al. 2014), AM fungi (Maček et al. 2011, 2016a), as well as some higher organ-
isms, including soil fauna (Hohberg et  al. 2015; Schulz and Potapov 2010), and 
plants (Maček et al. 2016a). For more details, mofettes have been throughly pre-
sented as a case study and as a natural long-term experimental site in ecology in a 
chapter of a recent thematic issue of Advances in Ecological Research, titled ‘Large 
Scale Ecology: Model Systems to Global Perspectives’ (Maček et al. 2016a).

10.3.3  Salinity

Some plants can survive (salt-tolerant plants) or even thrive (halophytes) in high salt 
concentrations. Salinity stress has both osmotic (causing water deficits) and cyto-
toxic effects (accumulation of toxic ions in the cells) that affect both groups of 

Fig. 10.4 Mofette area (natural CO2 springs) with geological CO2 exhalations causing long-term 
soil hypoxia (Stavešinci mofette, Slovenia). Inhibition in vegetation growth due to elevated geo-
logical CO2 and soil hypoxia can be seen centrally around the mofette (white line)
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organisms in mycorrhizal symbiosis, plants, and fungi. Along with the coastal areas 
where salinity is naturally present, it is estimated that 20% of all irrigated land is 
currently affected by salinity stress. The occurrence and community composition of 
AM fungi was investigated in several coastal areas where biota has been naturally 
exposed to long-term salt stress. Some example ecosystems across the globe would 
be: (i) a NaCl salt marsh site of the island Terschelling, Atlantic coast, the 
Netherlands, (ii) a K2CO3 marsh at Schreyahn, Northern Germany (Wilde et  al. 
2009), (iii) coastal vegetation on Okinawa island in Japan (Yamato et  al. 2008, 
2012), (iv) Saemangeum reclaimed land in South Korea (Krishnamoorthy et  al. 
2014), and marsh and sand dunes vegetation in Cabo de Gata Natural Park in Spain 
(Estrada et al. 2013). The overall biodiversity of AM fungi, based on molecular and 
morphological analyses, was reported to be relatively low at most of those sites, 
though a relatively high diversity of 30 AM fungal morphospecies from 13 genera, 
including some newly described species has also been reported for some areas (e.g. 
Estrada et al. 2013). As for other extreme environments, there is a need for more 
diversity and community ecology studies, including those using higher-throughput 
techniques to thoroughly characterise these ecosystems regarding their soil biologi-
cal communities composition.

10.3.4  Pollution – Toxins (e.g. Heavy Metal Polluted Soil)

Soil contamination, caused by large amounts of pollutants, is becoming a major 
problem on a global scale (EEA 2007, The EU Environment, State and Outlook). In 
particular, heavy (toxic) metals are a major concern as they are non-degradable and 
persist in soil, thus causing permanent long-term stress to all biota present (e.g. 
Maček et al. 2016b). Heavy metals are known to cause severe toxicity and include 
zinc, copper, cobalt, nickel, mercury, lead, cadmium, silver and chromium.

By using molecular methods, AM fungal communities have also been described 
in sites polluted with heavy metals (e.g. Zarei et al. 2008, 2010; Hassan et al. 2011; 
Maček et al. 2016b). Among other abiotic factors toxic metal concentration in soils 
have been shown to have an important impact on the composition of AM fungal 
communities (Zarei et al. 2008, 2010; Hassan et al. 2011). Many reports indicate a 
reduction of AM fungal diversity in heavy metal polluted areas, based both on spore 
morphology (e.g. Griffioen 1994; Pawlowska et al. 1996; Leyval et al. 1997; del Val 
et al. 1999) and molecular data (e.g. Zarei et al. 2008, 2010; Hassan et al. 2011). A 
predominance of the taxa within the genus Glomus1 has been reported in most of the 
studied areas with severe heavy metal disturbance (e.g. Whitfield et al. 2004; Vallino 
et al. 2006; Zarei et al. 2008; Sonjak et al. 2009; Hassan et al. 2011), as well as other 
human-impacted environments, such as agricultural sites, phosphate-contaminated 
sites (Daniell et al. 2001; Renker et al. 2005), and sites with fungicide treatments 
(Helgason et  al. 2007). Zarei et  al. (2008) analysed the diversity of AM fungal 
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 associated to Veronica rechingeri growing in the heavy metal-polluted soil of the 
Anguran Zn and Pb mining region in Iran. Three species could be separated mor-
phologically, while phylogenetic analyses revealed seven different AM fungal 
MOTUs in plant roots, all within the genus Glomus1. Some MOTUs were only 
found at sites with the highest and lowest soil heavy metal contents and some in 
both, which is a pattern also observed in other studies (e.g. Zarei et al. 2010; Hassan 
et  al. 2011). Thus, the patterns of new taxa identifications are also showing in 
extreme environments that entirely originate from the human-impacted pollution.

10.4  Conclusions

Extreme environments have for a long time been explored as ecosystems of particu-
lar interest. The ecology of extremophiles has long been a rich source of knowledge 
about the evolution and functions relevant to stress adaptation, of microbes from 
different phylogenetic groups (e.g. Gostinčar et al. 2010). Many initial studies have 
aimed to describe those systems from different aspects, including the diversity of 
abiotic factors and biological communities. AM fungi are diverse in many extreme 
environments, but those ecosystems have not yet been largely used to study general 
principles in AM fungal biology, ecology and evolution (Maček et al. 2016a).

Experimental manipulation of soils is challenging, and gives conflicting results, 
possibly because few studies have the long-term manipulation necessary to observe 
adaptive change (e.g. Jansa et al. 2003). This is also one of the reasons that in locally 
extreme environments some important fundamental, but still unanswered, questions 
in microbial ecology may be addressed, including those that involve the response of 
soil microbes to long-term disturbance or environmental change, and questions 
about the predictability of microbial community composition patterns (Maček et al. 
2016a). Therefore, as a potential natural source for studying general principles in 
microbial ecology, extreme ecosystems have a wider importance to the scientific 
community that extends beyond stress ecology sensu stricto and descriptions of 
extreme ecosystems per se.

Importantly, questions on long-term (press) related changes in soil microbial 
communities are relevant to many human drivers of long-term nature, including 
climate change, pollution, nutrient input, land-use change and others. However, in 
particular questions about the stability against press perturbations have received 
relatively little attention so far. The introduction of NGS methods into ecology can 
largely change this (see Dumbrell et al. 2016). These tools are allowing us to obtain 
an exceptional amount of data in a relatively short time. This is a key condition to 
be fulfilled in order to understand the complex temporal and spatial patterns in soil 
microbial communities along with their environmental drivers and consequently 
increase our capacity to predict their response to human impacts and global change.
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Chapter 11
An Intact Soil Core Bioassay for Cultivating 
Forest Ectomycorrhizal Fungal Communities

Peter G. Avis, Ina C. Meier, and Richard P. Phillips

Abstract Ectomycorrhizal and other root-associated fungi play a critical role in 
forests by influencing plant community structure and nutrient dynamics; however, 
given that most fungal taxa are difficult to cultivate, methods for cultivating natural 
fungal communities are needed to better understand the ecological consequences of 
species gains and losses. We grew loblolly pine (Pinus taeda) seedlings in intact, 
undisturbed soil cores collected from the Duke Forest (North Carolina, USA) and 
used molecular tools to measure how the fungal communities that colonized the 
seedlings resembled those reported in previous field-based investigations. Overall, 
we found substantial overlap between fungi, especially ectomycorrhizal fungi, 
recovered with our method and those from in situ studies, with over 70% of the 
sequences and nearly 50% of the OTU in common. This study shows that the intact 
core ‘baiting’ method greatly facilitates the study of natural fungal communities 
composited by ectomycorrhizal and other fungi, is a significant improvement over 
bioassays that homogenize soils, and can be used to experimentally study function-
ing of ecologically-relevant fungal communities of forest ecosystems.
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community • Loblolly pine
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11.1  Introduction

An elusive goal in the field of forest ecology is to understand how mycorrhizal fun-
gal communities influence biogeochemical processes in ecosystems. For instance, 
ectomycorrhizal (EcM) fungal communities mediate critical biogeochemical pro-
cesses such as soil acidification (Van Breemen et  al. 2000), mineral weathering 
(Landeweert et  al. 2001; Rosling et  al. 2007), and nutrient release from organic 
matter decomposition (Talbot et al. 2013). However, our understanding of taxon- 
specific effects of EcM fungi and of EcM community effects on soil biogeochemis-
try has been limited by methodological challenges. For example, taxon specific 
effects are often investigated using inoculum approaches whereby ‘plugs’ of fungi 
grown on medium are added to soils containing plants. This approach, while useful 
for investigating fungal-specific responses to varying environmental conditions 
(e.g. Lilleskov and Bruns 2003), is inherently biased by which fungal taxa can 
actually grow well in artificial media. As such, there is much less information about 
fungi that do not grow well on such artificial media such as those referred to as ‘late 
stage’ fungi (e.g. Deacon and Fleming 1993) or ‘mature ecosystem’ fungi (Dickie 
et al. 2013), despite their importance to biogeochemical cycling in many ecosystems 
(e.g. in mature forests).

One possible reason that certain ectomycorrhizal fungal taxa are difficult to 
culture relates to the sensitivity of fungi to soil disturbance. Conventional soil pro-
cessing generally involves the homogenization of soil (e.g. mixing and sieving), a 
process which destroys mycelial networks and likely favors disturbance-adapted 
species. In the case of EcM fungi, many taxa may only colonize roots from intact 
mycelial networks that would be broken if soils were homogenized. This is sup-
ported by previous studies that have reported that the commonly deployed practice 
of sieving and drying influences which mycorrhizal fungi colonize host plants 
(Taylor and Bruns 1999; Avis and Charvat 2005).

While field-based investigations have reported EcM community shifts owing to 
global change factors such as N deposition (Lilleskov et al. 2002), ozone (Andrew 
and Lilleskov 2009), and elevated CO2 (Andrew and Lilleskov 2009), our ability to 
understand the consequences of these changes is hindered by our inability to culture 
and measure the traits of the most responsive fungal taxa (Dickie et al. 2012). In this 
study, we tested how well we could culture EcM fungi (and other soil fungi) on tree 
seedlings. We used an approach that minimized soil disturbance and hypothesized 
that this approach would culture and provide a large number of tree seedling-root 
associated fungi from a well-studied forest ecosystem, the Duke Forest, where 
numerous culture independent (i.e. molecular based) studies have widely character-
ized the fungal community with first-generation (O’Brien et al. 2005; Parrent et al. 
2006; Parrent and Vilgalys 2007; Hersh et  al. 2012) or next-generation DNA 
sequencing approaches in continent wide studies (Talbot et al. 2014; Glassman et al. 
2015). Specifically, we tested how well this approach was able to recover the known 
fungi identified by the lone previous field study that targeted tree seedling roots 
(Parrent et al. 2006) as root associated fungi were our specific targets in a parallel 
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study of ecological process (Meier et al. 2013). We also compared our result to the 
other three studies exclusive to Duke Forest although these studies did not specifi-
cally target root-associated fungi. We propose that this kind of method can be used 
in any field setting but especially in forests and can be useful in field sites that have 
fungal communities previously described by field-based molecular ecological 
approaches.

11.2  Material and Methods

11.2.1  The Method Overview

Intact soil cores were collected from a field site of interest with a tool that mini-
mized disturbance to the core (a modification of Brundrett et al. 2003). Ideal tools 
included a wide-diameter soil corer, a ‘cup cutter’ – the tool used by greenkeepers 
for making holes on golf course greens – or even a shovel if great care were taken 
to keep the core intact. Cores were returned to a controlled growth facility like a 
greenhouse or growth chamber as soon as possible. Surface sterilized seeds or seed-
lings of relevant plants were sown on the top of the cores and then grown for an 
appropriate length of time. Subsequent analysis of the fungi for a particular study 
then examined these cores with the desired post-culturing methodology that com-
bined fungal identity (e.g. from the molecular analysis of mycorrhizal roots) with 
process (e.g. from the measurement of root exudates).

11.2.2  Study Site and Seedling Inoculation

We used this method at the Duke Forest free-air carbon enrichment (FACE) experi-
ment, North Carolina, USA, in October 2009. At this site, a loblolly pine (Pinus 
taeda L.) plantation was established in 1983. Pines occupy greater 80% of the basal 
area and nearly all pine roots are colonized by EcM fungi or non-mycorrhizal fungal 
associates (Parrent et  al. 2006). To date, six published studies have conducted 
molecular-based methods to describe the fungal communities in this specific study 
site or very nearby in Duke Forest (O’Brien et al. 2005; Parrent et al. 2006; Parrent 
and Vilgalys 2007; Hersh et  al. 2012; Talbot et  al. 2014; Glassman et  al. 2015). 
Because of the extensive amount of research this site has received, it served as a 
good location to conduct this study as it provided an extensively documented com-
munity of fungi against which we could compare our results.

While the specific focus of this investigation was to use this method to culture 
and then compare the fungi we found in our study to those of previous studies, the 
collection within the Duke FACE experiment allowed additional comparisons to 
FACE study variables.
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We collected soil cores (5.1 cm in diameter) from the top 15 cm of soil at random 
locations in each FACE treatment at the site (ambient CO2, elevated CO2, N fertil-
ization, and elevated CO2 with N fertilization). Nine or 10 replicate cores were 
collected from each treatment (37 cores total). Soil cores were kept intact, not 
homogenized, and as undisturbed as possible in Plexiglas tubes, sealed in plastic 
bags, and transported on ice to the growth facilities. In this case, these were in 
Bloomington, Indiana, USA.  Five loblolly pine seeds (surface-sterilized in 1% 
bleach solution and cold-stratified at 4°C for three weeks) from a first generation 
orchard mix from the North Carolina piedmont (NCSU seed lot #SOM8) were sown 
into each intact core. Soil cores were set up in a randomized block design in a cli-
mate chamber. A 14 h diurnal photoperiod was maintained in each chamber with 
cool-white fluorescent lamps (~120 μmol m-2 s-1). The chamber temperature and 
relative humidity averaged 23/17°C day/night and 75%, respectively. All cores were 
irrigated when needed, and rotated within the growth chamber. After four weeks, 
pine seedlings were moved to a greenhouse until the end of this experiment in 
February 2010 (14 weeks after pine seedling germination). The photoperiod in the 
greenhouse was maintained at 14 h with high-pressure sodium lights (approxi-
mately 500 μmol PAR m-2 s-1).

11.2.3  Ectomycorrhizal Colonization and Molecular 
Identification of Root-Associated Fungi

We quantified the degree of EcM colonization on 50 root tips per seedling by 
examining the size, color and morphology of fungal structures (mantle type and 
extra- radical hyphae) found on root surfaces (Agerer 1991; Goodman et al. 1996; 
cf. Meier et al. 2013). We randomly selected 16 healthy and mature EcM root tips 
per plant from the 37 plants representing all FACE treatments at the site. Root tips 
were collected using a dissecting microscope and by dividing the total root system 
into eight even sections, then randomly picking the first two EcM tips observed 
from each section. Each tip was placed by itself into a well of a 96-well plate for 
DNA analysis. DNA was extracted from each sample with REDExtract-N-Amp 
Plant PCR Kit (Sigma, St. Louis, USA). We used the primers ITS1-F and ITS4 
(Gardes and Bruns 1993) to amplify the ribosomal internal transcribed spacers 
(ITS1 and ITS2) and 5.8S ribosomal RNA gene by PCR following Avis et al. (2008). 
Successful PCR reactions were excised and purified by GELase Agarose Gel-
Digesting Preparation (Epicentre Biotechnologies, Madison, USA), then cycle 
sequenced using Big Dye version 3.1 and screened on a 3730 DNA Analyzer 
(Applied Biosystems, Carlsbad, USA) at the Pritzker Laboratory for Molecular 
Evolution and Systematics at the Field Museum of Natural History in Chicago, 
Illinois, USA. Sequence length and quality were then examined using Sequencher 
3.0 (GeneCodes, Ann Arbor, USA).

P.G. Avis et al.



177

Sequences were compared to those in GenBank by BLAST analysis to check for 
matches (>96% BLAST ID) to fungi found in the four previous studies conducted 
exclusively at Duke Forest (O’Brien et al. 2005; Parrent et al. 2006; Parrent and 
Vilgalys 2007; Hersh et al. 2012).

Fungal identification based on these sequences was made in two ways. First, the 
BLAST comparisons conducted to find matches to previously identified Duke 
Forest fungi were used to identify a sequence to genus or family in most cases. This 
first approach was called ‘Inclusive OTU’ as the operational taxonomic units (OTU) 
were generally inclusive for a given lineage – this could be considered monophy-
letic groupings at the genus, family, or larger taxonomic level. Because this approach 
could use nearly all of the sequences generated (even short, sometimes poor quality 
sequences) but was conservative, it lumped closely related but different taxa (e.g. 
species of the same genus). To determine how many additional taxa were in the 
Inclusive OTU we also used a more restrictive and exclusive approach (basically a 
phylogenetic species estimate) on a subset of sequences, which excluded shorter, 
poorer quality sequences. For this second approach, we used ClustalW2 (http://
www.ebi.ac.uk/Tools/msa/clustalw2/) to align sequences within the same genus (or 
family if a genus level distinction was not made) and then conducted phylogenetic 
analyses on these alignments using maximum likelihood as by the RAxML-HPC2 
7.2.8 software package (Stamatakis 2006; Stamatakis et al. 2008) via the CIPRES 
portal (www.phylo.org/sub_sections/ portal/). OTU were determined as terminal 
clades with >70 fast bootstrap support – this level selected since we needed to be 
more thorough than a simple BLAST search but wanted to maintain a relatively 
efficient and conservative estimate. This approach resulted in more exclusive groups 
and was referred to as ‘Exclusive OTU’. The trophic status or nutritional mode for 
each OTU (e.g. ectomycorrhizal, pathogenic and saprobic) was assigned based on 
previous studies (Parrent and Vilgalys 2007; Hersh et al. 2012) and known phyloge-
netic relationships.

11.2.4  Data Analyses

Diversity indices were calculated with PAST 3.11 (PAleontological STatistics; 
Hammer and Harper 2001). Species diversity was expressed as (i) the number of 
taxa, (ii) the Shannon index (H’; entropy), where H’ = -∑pi ln pi and pi is the relative 
number of sequences of taxon i, and (iii) the dominance (D), where D = ∑(pi)2. 
Equitability was calculated as a measure of the evenness with which sequences 
were divided among the taxa present. Taxonomic diversity and taxonomic distinct-
ness was analyzed according to Clarke and Warwick (1998), using taxonomic divi-
sion, class, order and family as group information. A species-effort curve of fungal 
taxa richness was estimated by individual rarefaction (algorithm by Krebs 1989).

11 An Intact Soil Core Bioassay for Cultivating Forest Ectomycorrhizal Fungal…
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11.3  Results

We examined 608 root tips collected from 37 seedlings in this study. From these 
root tips, 438 sequences were generated with the remainder (170 tips) failing to 
produce sequences. Sequence length (~200 to >700 bp) and quality varied but most 
were above 400 bp and of high quality. We identified 61 ‘Exclusive OTUs’ (out of 
319 sequences) and 28 ‘Inclusive OTUs’ (out of 438 sequences; Tables 11.1 and 
11.2, respectively) associated with the roots, including EcM, pathogenic and sapro-
bic taxa; most fungi were Basidiomycota and Ascomycota (Fig. 11.1a). We found 
EcM fungi on the roots of all seedlings but pathogens or saprotrophs on less than 
half (Table 11.3). Seedlings had on average just over three OTUs per root system. 
We were not successful in identifying all of the root tips as some did not produce 
sequences as mentioned above; but of the root tips that were successfully sequenced, 
on average 55% and 73% of the root tips per seedling were identified to an Inclusive 
OTU or Exclusive OTU, respectively. Based on rarefaction, our sampling effort had 
not plateaued yet (Fig. 11.2) and it is likely that more taxa would be found with 
more extensive sampling.

Table 11.1 Exclusive Operational Taxonomic Units (Exclusive OTU): fungal identification based 
on an approach which excludes shorter, poorer quality sequences. Shown are phyla, GenBank 
accession numbers, trophic status, number of seedlings on which a sequence occurred, and 
frequency of sequences of the identified fungal species colonizing loblolly pine (Pinus taeda L.) 
seedlings grown in soil from different origins of the Duke FACE experiment

Exclusive OTU Family / Class Phyl-um
GenBank
accession

No.

Trophic
type

Seedling
freq.

Sequence
freq. Prev. found

Blast seq.
similarity

[%]

Top Duke
Match

Atheliaceae_1 Atheliaceae b JQ616814 E 14 45 Yes3 99 EF619844
Thelephoraceae_2 Theleporaceae b JQ616805 E 8 71 Yes1,2 99 EF619784
Wilcoxina_2 Pyronemataceae a JQ616785 E 8 21 No 92 EF619914
Wilcoxina_1 Pyronemataceae a KC109137 E 6 13 Yes3 100 EF619913
Lactarius_1 Russulaceae b KC109126 E 4 13 No 88 EF619712
Cenococcum_2 Gloniaceae a JQ616778 E 4 7 Yes3 97 EF619645
Atheliaceae_5 Atheliaceae b KC109119 E 3 5 No 83 EF619637
Atheliaceae_7 Atheliaceae b KC109121 E 3 4 Yes1,2 99 EF619633
Russula_3 Russulaceae b KC109132 E 3 4 Yes1,3 99 EF619749
Sebacinaceae_2 Sebacinaceae b JQ616803 E 3 4 Yes3 99 EF619763
Atheliaceae_4 Atheliaceae b KC109118 E 2 11 Yes1 97 EF619637
Wilcoxina_3 Pyronemataceae a KC109138 E 2 4 No 92 EF619914
Atheliaceae_2 Atheliaceae b KC109116 E 2 2 Yes3 98 EF619845
Cenococcum_3 Gloniaceae a KC109123 E 2 2 No 91 EF619648
Russula_2 Russulaceae b JQ616801 E 2 2 No 94 EF619755
Russula_4 Russulaceae b KC109133 E 2 2 No 94 EF619749
Thelephoraceae_1 Theleporaceae b JQ616804 E 2 2 No 79 EF619781
Tomentella_6 Theleporaceae b KC109136 E 1 9 Yes3 99 EF619818
Tomentella_1 Theleporaceae b JQ616808 E 1 8 Yes3 99 EF619828
Atheliaceae_6 Atheliaceae b KC109120 E 1 7 No 93 EF619637
Amanita_1 Amanitaceae b JQ616790 E 1 6 Yes3 100 EF619627
Thelephoraceae_3 Theleporaceae b JQ616806 E 1 6 Yes3 98 EF619788
Clavulinaceae_1 Clavulinaceae b JQ616791 E 1 3 Yes3 99 EF619643
Inocybe_1 Inocybaceae b JQ616795 E 1 3 Yes3 98 EF619709
Russula_5 Russulaceae b KC109134 E 1 3 No 82 EF619755
Tomentella_2 Theleporaceae b JQ616809 E 1 3 No 93 EF619820
Laccaria_1 Hydnangiaceae b JQ616796 E 1 2 No 78 EF619842

(continued)
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Even though not taken at the exact same location in the Duke Forest and in the 
same year, over 70% of the sequences and nearly 50% of the OTUs were identical 
to those found in previous Duke Forest studies (Table 11.1). Most of the overlap in 
fungi was due to the recovery of EcM fungi found in the previous studies (Fig. 11.1c). 
In addition, we report the presence of certain species of Hydnellum, Inocybe, and 
Russula for the first time in this site. Most of the pathogens we found were also 
previously found at Duke Forest, including the very abundant Cylindrocarpon 
(Hersh et al. 2012).

In contrast, most of the saprotroph fungi encountered in our study were not pre-
viously found in earlier Duke Forest studies with the exception of some members of 

Exclusive OTU Family / Class Phyl-um
GenBank
accession

No.

Trophic
type

Seedling
freq.

Sequence
freq. Prev. found

Blast seq.
similarity

[%]

Top Duke
Match

Tomentella_3 Theleporaceae b JQ616810 E 1 2 Yes3 99 EF619820
Tomentella_4 Theleporaceae b JQ616811 E 1 2 No 81 EF619832
Atheliaceae_3 Atheliaceae b KC109117 E 1 1 No 91 EF619845
Cenococcum_1 Gloniaceae a KC109122 E 1 1 Yes3 99 EF619645
Cenococcum_4 Gloniaceae a KC109124 E 1 1 Yes3 99 EF619645
Hydnellum_1 Bankeraceae b JQ616794 E 1 1 No 79 EF619782
Inocybe_2 Inocybaceae b KC109125 E 1 1 No 88 EF619708
Pezizaceae_1 Pezizaceae a JQ616784 E 1 1 No 82 EF619728
Piloderma_2 Atheliaceae b JQ616799 E 1 1 Yes3 99 EF619740
Rhizopogon_1 Rhizopgonaceae b JQ616800 E 1 1 No 88 EF619768
Russula_1 Russulaceae b KC109131 E 1 1 Yes1 99 EF619752
Sebacinaceae_1 Sebacinaceae b JQ616802 E 1 1 Yes3 98 EF619757
Sebacinaceae_3 Sebacinaceae b KC109135 E 1 1 Yes3 99 EF619765
Thelephoraceae_4 Theleporaceae b JQ616807 E 1 1 No 86 EF619812
Tomentella_5 Theleporaceae b JQ616812 E 1 1 Yes1 97 EF619784
Wilcoxina_4 Pyronemataceae a KC109139 E 1 1 No 90 EF619914
Wilcoxina_5 Pyronemataceae a KC109140 E 1 1 No 91 EF619914

Cylindrocarpon_1 Nectriaceae a JQ616786 P 5 7 Yes4 99 GQ996085
Neonectria_1 Nectriaceae a JQ616787 P 2 3 No 95 GQ996084
Phialocephala_2 Leotiomycetes a JQ616782 P 2 2 Yes3 99 EF619734
Phialocephala_3 Leotiomycetes a KC109130 P 2 2 No 81 GQ996117
Cochliobolus_1 Pleosparaceae a JQ616777 P 1 1 No 90 EF619897
Ophiostoma_1 Ophiostomataceae a JQ616788 P 1 1 No 81 GQ996106
Phialocephala_1 Leotiomycetes a KC109129 P 1 1 No 93 GQ996117

Tricholomataceae_1 Tricholomataceae b JQ616813 S 4 4 No 77 EF619842
Oidiodendron_1 Myxotrichaceae a KC109127 S 3 4 No 94 GQ9966105
Ceratobasidiaceae_1 Ceratobasidiaceae b JQ616792 S 3 3 Yes3 99 EF619650
Oidiodendron_2 Myxotrichaceae a JQ616779 S 3 3 Yes4 99 GQ9966105
Mortierella Mortierellaceae z JQ616817 S 2 2 Yes3 100 EF619716
Helotiales_1 Leotiomycete a JQ616780 S 1 1 No 96 EF619698
Oidiodendron_3 Myxotrichaceae a KC109128 S 1 1 No 96 GQ9966105
Trichoderma_1 Hypocreaceae a JQ616789 S 1 1 No 94 EF619840
Uncultured Chytrid Chytridiomycota c JQ616816 S 1 1 Yes3 100 EF619659

Ascomycota_1 Leotiomycete a JQ616776 U 1 1 No 96 EF619864

Table 11.1 (continued)

Abbreviations: a Ascomycota, b Basidiomycota, c Chytridiomycota, z Zygomycota; E ectomy-
corrhizal fungus, S saprotrophic fungus, P putative pathogen fungus, U unknown trophic status
1O’Brien et al. (2005); 2 Parrent et al. (2006); 3 Parrent and Vilgalys (2007); 4 Hersh et al. (2012)
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the order Helotiales. Fungal species abundance (as numbers of sequences) and fre-
quency (as numbers of seedlings on which a taxon was found) varied. Relatively 
few fungi were common and most were rare (Tables 11.1 and 11.2). Frequent taxa 
were found on many seedlings but not necessarily abundant by sequence count on 
those seedlings (e.g. Atheliaceae_1), or were found on many root tips but on fewer 
seedlings (e.g. Thelephoraceae_2).

Table 11.2 Inclusive Operational Taxonomic Units (Inclusive OTU): approach which 
conservatively determines inclusion. Shown are trophic types, number of seedlings on which a 
sequence occurred, and frequency of sequences of the identified fungal species colonizing loblolly 
pine (Pinus taeda L.) seedlings grown in soil from different origins of the Duke FACE experiment

Inclusive OTU
Trophic 
type

Seedling 
frequency

Sequence 
frequency

% root 
tips

Previously 
found

Atheliaceae E 21 111 25.3 Yes3

Thelephoraceae E 17 132 30.1 Yes1,2

Wilcoxina E 17 55 12.6 Yes3

Russula E 10 18 4.1 Yes1,3

Cenococcum E 10 15 3.4 Yes3

Sebacinaceae E 5 7 1.6 Yes3

Lactarius E 4 24 5.5 No
Inocybe E 2 4 0.9 Yes3

Amanita E 1 6 1.4 Yes3

Clavulinaceae E 1 3 0.7 Yes3

Laccaria E 1 3 0.7 No
Hydnellum E 1 1 0.2 No
Pezizales E 1 1 0.2 No
Piloderma E 1 1 0.2 Yes3

Rhizopogon E 1 1 0.2 No
Oidiodendron S 6 10 2.3 No
Tricholomataceae S 4 18 4.1 No
Ceratobasidiaceae S 3 4 0.9 No
Helotiales S 2 1 0.2 No
Mortierella S 2 1 0.2 No
Chytridiomycota S 1 1 0.2 Yes3

Trichoderma S 1 1 0.2 No
Cylindrocarpon P 5 7 1.6 Yes4

Phialocephala P 5 5 1.1 No
Neonectria P 3 4 0.9 No
Ophiostoma P 1 1 0.2 No
Cochliobolus P 1 1 0.2 No
Ascomycota U 1 1 0.2 No

Abbreviations: E ectomycorrhizal fungus, S saprotrophic fungus, P putative pathogen fungus, U 
unknown trophic status
1O’Brien et al. (2005); 2 Parrent et al. (2006); 3 Parrent and Vilgalys (2007); 4Hersh et al. (2012)
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Basidiomycota Agaricomycetidae
Heterobasidiomycetidae
Tremellomycetidae
Other
Unidentified

Ascomycota
Zygomycota
Glomeromycota
Other
Unknown

ECM Thelephoraceae Russula
Inocybe
Tylospora
Calvatia

Atheliaceae
Wilcoxina
Tomentella
Lactarius
Other

Pathogen
Saprotroph
AMF
Ericoid
Other
Unknown
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Fig. 11.1 (a) Proportional distribution of different divisions, (b) subclasses of the Basidiomycetes, 
(c) nutrition types, and (d) ectomycorrhizal species in the investigated fungal community. 
Compared are three in situ methods (‘root tips’ based on Parrent et al. (2006), ‘soil hyphae’ based 
on Parrent and Vilgalys (2007), and ‘large scale’ based on O’Brien et al. (2005)) with the soil bait-
ing method of the current study, all performed at the Duke Forest FACE experiment.
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Because of the bioinformatic challenges presented in attempting to consolidate 
the results of all of the previous Duke studies into one single database (and thus 
generate a ‘master list’ of fungi for Duke Forest to compare against), we took a 
simpler approach and compared our study to each of the four studies that exclu-
sively examined Duke Forest by using a set of diversity metrics (Table 11.4).

We recovered fewer taxa (with the exception of the Hersh et al. (2012) study), the 
lowest evenness and Shannon diversity, but the highest dominance, taxonomic 
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Fig. 11.2 Species-effort curve of fungal taxa richness (with 95 % confidence interval).

Table 11.3 Number of Inclusive Operational Taxonomic Units (OTU) and Exclusive Operational 
Taxonomic Units by trophic group

# ECM # Pathogens # Saprotrophs # Unknown
Incl. 
OTU

Excl. 
OTU

Incl. 
OTU

Excl. 
OTU

Incl. 
OTU

Excl. 
OTU

Incl. 
OTU

Excl. 
OTU

Sum (all seedlings) 96 92 25 25 8 8 2 2
Mean per seedl. 2.6 2.5 0.7 0.7 0.2 0.2 0.1 0.1
Maximum per seedl. 6 5 4 4 2 2 1 1
Colonization rate [%] 100 100 41 41 19 19 5 5
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diversity and taxonomic distinctness when compared to these four Duke Forest 
studies. Our taxa recovered per sequence effort (e.g. 61/319 for exclusive OTU = 
19%) was very similar to the two studies that focused on EcM fungi (Parrent et al. 
2006; Parrent and Vilgalys 2007). When comparing taxonomic level (phyla, 
Fig. 11.1a; subclass Fig. 11.1b) and nutritional type (Fig. 11.1c), similar patterns 
were found between our study and the two EcM-focused studies as well (Parrent 
et  al. 2006; Parrent and Vilgalys 2007). However, patterns differed substantially 
from the large-scale soil fungi sequencing study of O’Brien et  al. (2005). In a 
 comparison to the two recently published next-generation studies (Talbot et  al. 
2014; Glassman et al. 2015), we recovered two of the top five genera of the spore 
bank study (Glassman et al. 2015) and 11 of the top 20 fungal families found in 
mature forest soil examined by Talbot et al. (2014).

11.4  Discussion

The intact core method we used recovered a substantial number of EcM fungi that 
had previously been found at Duke Forest. Additionally, the most abundant taxa 
found in our study corresponded to the same abundant taxa as those found by Parrent 
et  al. (2006) and Parrent and Vilgalys (2007) (i.e., the Thelephoraceae, the 
Atheliaceae, and Russula; Table  11.2). Many of the EcM fungi we found (e.g. 
Russula) are considered ‘late-stage’ or ‘mature ecosystem’ (Deacon and Fleming 1993; 
Dickie et al. 2013), are hard to culture by other commonly used culture methods 
and were not found in expansive resistant propagule studies (Glassman et al. 2015). 

Table 11.4 Diversity indices for fungal communities investigated by different methodological 
means.

Study type
Soil 
baiting

Root tips  
(in situ)

Soil hyphae  
(in situ)

Large scale 
(in situ)

Pathogens  
(in situ)

Study This study 
Excl. OTU

Parrent 
et al. (2006)

Parrent and 
Vilgalys (2007)

O’Brien 
et al. (2005)

Hersh et al. 
(2012)

Number of taxa 61 72 294 412 36
Number of 
sequences

319 401 2137 862 493

Taxa : sequences 
[%]

19 18 14 48 7

Shannon 
diversity index

3.2 3.9 4.3 5.6 3.3

Evenness 0.41 0.69 0.76 0.64 0.92
Dominance 0.08 0.03 0.04 0.01 0.05
Taxonomic 
diversity

2.5 0.98 1.9 2.2 1.6

Taxonomic 
distinctness

2.7 1.0 2.0 2.2 1.6
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We also regularly found Cylindrocarpon/Neonectria, the pathogen determined to 
have the most impact on pine seedlings at this site (Hersh et al. 2012). The com-
munity structure of the fungal communities we sampled was similar to the structure 
measured in the field studies. For instance, metrics like taxonomic groups (e.g. 
Fig. 11.1), rank abundance patterns (Tables 11.1 and 11.2), mean number of taxa per 
root system examined, and total number of taxa were comparable to field studies. 
The EcM fungal taxa included some that were found on many seedlings but were 
relatively rare on those seedlings; while other taxa were found on many root tips but 
only on a few seedlings. Although we were not successful in sequencing all root 
tips, our coverage (72% success) was higher than the 52% success of Parrent et al. 
(2006) and comparable to the recovery found by other field studies (e.g. 65% in 
Branco and Ree 2010). Given these results, we believe this method is a very useful 
way to capture ecologically-relevant EcM fungal communities and culture them on 
tree seedling roots.

In our primary comparison to the Duke Forest root tip study, Parrent et al. (2006) 
found 69 basidiomycete EcM fungi OTU and 3 putative saprobes whereas we recov-
ered 34 basidiomycete EcM fungi OTU, 10 ascomycete EcM fungi OTU, and seven 
saprobes. Thus, the species richness in terms of basidiomycete EcM fungi of our 
study was about 50% of the field based root tip study. However, the number of fungi 
we were able to culture with this method (and then provide for testing of ecological 
process in a parallel study; Meier et al. 2013) was much greater than what other soil 
bioassay studies typically culture. In soil bioassay studies that not only disturbed the 
soil in some way (mixing, sieving, drying, etc.) but also for which a comparable 
field study existed that estimated the diversity of fungi on roots of trees in situ, the 
number recovered was on average about 25% of the known field fungi (Table 11.5). 
Remarkably, this is highly consistent with the findings of two recent next- generation 
DNA sequencing studies conducted at Duke Forest, where Glassman et al. (2015) 
found 29 OTU in the spore bank as measured by a bioassay that dried and homog-
enized soils while Talbot et al. (2014) found 110 OTU in mature forest soil. Our 
method thus is a substantial improvement on these typical bioassay studies.

In comparison to the two exclusive Duke Forest studies focused on fungi repre-
sented in total soil (O’Brien et al. 2005; Parrent and Vilgalys 2007), our study found 
fewer fungi. This is not surprising, however, given the difference in the target tissues 
and DNA sources of these two other studies.

In a large scale sequencing study of environmental DNA extracted from soil 
cores, O’Brien et al. (2005) found 412 total fungal OTUs that included many fungi 
in each major trophic group (i.e., 179 basidiomycete and 197 ascomycete EcM 
fungi). In a study of hyphae colonizing ingrowth bags, Parrent and Vilgalys (2007) 
found 134 EcM fungal taxa, 17 saprotrophs, seven arbuscular mycorrhizal fungi, six 
pathogens, a group of 27 pathogen and/or saprobe taxa and 98 taxa that could not be 
determined to any trophic group. We presume that if we had followed the proce-
dures of these studies (i.e. had we targeted soil DNA and/or soil hyphae instead of 
only fungi colonizing root tips) our numbers would have been higher. Therefore, the 
absolute difference is not a concern. What is important to note, though, is that we 
had comparable OTU/species recovery per sequencing effort (Table 11.4), suggesting 
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that our method could allow for the detection of even more diversity with more 
exhaustive detection methodology like next-generation sequencing if we were so 
inclined. Since our goal was not only to culture ecologically-relevant fungal 
 communities on seedlings but also to test the roles of these fungi in a relatively 
natural context, complete enumeration of all fungal taxa contributing DNA to a soil 
core was of less interest.

Another difference of our study was that we found many Wilcoxina and 
Cenococcum which were not abundant taxa in the previous Duke Forest studies 
(Fig. 11.1d, Table 11.2). These taxa contributed to the higher taxonomic diversity 
and distinctness found in our study (Table 11.4). Both taxa are considered early suc-
cessional taxa (Dickie et al. 2013) and are often found in disturbed bioassays (Avis 
and Charvat 2005; Izzo et al. 2006a, 2006b; Peay et al. 2009; Glassman et al. 2015) 
and with regular natural soil disturbance (Dickie and Reich 2005). This indicates 
that our method still selects, to some extent, for taxa that are not common in the 
field – a typical problem of other types of bioassay studies.

Consistent with the other Duke Forest studies, we found no effects of CO2 and N 
on fungal richness or the frequency at which we found individual fungal OTU in 
these treatments. This is the same result found in the field by Parrent et al. (2006) 
and Parrent and Vilgalys (2007) where the primary responses to these treatments 
were by individual taxa and only four (of 72 total) out of the most abundant taxa 
responded to N-fertilization. Although we did not see any significant shifts in taxon 
response, the trend of more frequent Russula in fertilized plots was consistent with 

Table 11.5 Bioassay studies examined for comparison to this study

Vegetation Soil treatment

Species 
richness in 
field study 
[n]

Species richness 
in bioassay [% of 
total in field 
study] References

Pinus taeda Intact 72 49 This study
Pinus muricata Sieved 48 44 Peay et al. (2009)
Pinus muricata Mixed 48 17 Baar et al. (1999)
Pinus muricata Dried and sieved 37 11 Taylor and Bruns 

(1999)
Fir-pine forest Sieved 101 23 Izzo et al. (2006a, b)
Fir-pine forest Sieved, other soil 

added
101 17 Izzo et al. (2006a, b)

Oak with 
chestnut

Dried, other soil 
added

71 20 Dulmer et al. (2014)

Scrub-oak 
serpentine

Homogenized 79 34 Branco and Ree 
(2010)

Oak savanna In situ seedling 72 54 Dickie and Reich 
(2005)

Oak savanna Dried and sieved 72 7 Avis and Charvat 
(2005)

Lowland 
heathlands

Homogenized 22 33 Collier and 
Bidartondo (2009)
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Russula G in Parrent et  al. (2006) and the behavior of nitrophilic Russula taxa 
(Avis 2012). The reasons we may not have seen responses to N, especially given 
how often N is a major factor that structures soil fungal communities (e.g. Lilleskov 
et al. 2011), may be a seasonal effect or that sample sizes were too small.

Only a few other studies of which we are aware have used an intact core approach 
(Avis and Charvat 2005; Dickie et al. 2012). In the former, intact soil cores recov-
ered about three times as many fungi as disturbed soil cores. The latter study did not 
analyze the fungal community but the authors contended that the method simulated 
a natural enough context for their purposes.

One of the benefits of the intact core approach is the ability to culture hard to 
culture fungi. In an extensive bioassay study in lowland heathlands, Collier and 
Bidartondo (2009) cautioned that bioassays are problematic in general because they 
do not adequately recover field dominant species like many members of the 
Russulaceae. It is unfortunate they did not consider using an intact core bioassay in 
their study as it would have ideally tested the reasons why Russulaceae are recalci-
trant. The success of the intact core approach in culturing these challenging fungi 
and the results of our study suggest that the main limitation is intact (enough) myce-
lium from which these fungi colonize roots (Avis and Charvat 2005), an inability to 
colonize from spores and less to do with age of host (Collier and Bidartondo 2009).

Some studies have used an alternative approach and employed ‘field seedlings’ 
(i.e. seedlings grown in situ and then removed after a period of growth for analysis). 
The results of these studies have tended to be like the intact core method and have 
recovered a greater percentage of fungi than disturbed bioassays (Dickie and Reich 
2005; Ashkannejhad and Horton 2006; Nunez et al. 2009). We do not know of any 
direct comparison of field seedlings vs. intact core (and that should be a future 
study). However, the challenges in using field seedlings in subsequent ecological 
process analyses seem greater than working with intact cores grown in the green-
house because of the problems of logistics (i.e. just one trip to the field to collect the 
samples for the intact method) and recovering the seedlings intact (e.g. Dickie and 
Reich 2005; Dickie et al. 2012).

Like for all bioassay methods, though, numerous caveats should be considered 
with the intact core method. One limitation was indicated by the lower evenness and 
higher dominance of taxa with our method versus the other Duke Forest studies 
(Table 11.4). The combination of these metrics suggests that some taxa are over- 
represented in the cultures with respect to what was found in the field. This is due to 
the relative speed at which taxa spread (i.e. colonize roots) within the cultures. If a 
fungus spreads quicker than others within the limited space and time of the culture, 
our method would sample it more. This is not an uncommon issue in culturing stud-
ies (e.g. Avis and Charvat 2005) and will be an inherent issue of any culturing 
approach. Therefore, a crucial consideration is the time at which cultures are har-
vested and assayed. In this study, we took into consideration the time for fungal 
communities to develop and the time required for root exudate assays (Meier et al. 
2013). Therefore, we grew cultures for 14 weeks, which was based on the development 
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of mycelium (sample seedlings were examined and nearly all root tips examined 
were colonized by EcM fungi) and what appeared to be optimal growth for the par-
allel study examining root exudation.

Additional caveats remained, all of which are inherent to any bioassay. These 
included the altered microenvironments of the soil core when extracted from the 
field and moved to the greenhouse. Despite the care taken to keep the soil structure 
intact, the act of taking the core severs a portion of extensive fungal mycelia (that 
are larger than the dimensions of the core) and may change the biochemistry of the 
fungal material resident in the cores compared to intact fungi. Nonetheless, our 
approach appears to keep enough mycelium intact to allow for the growth and 
development of recalcitrant and likely mycelial-network demanding fungi like the 
Russulaceae. How similar the amount of disturbance our method imposes in com-
parison to natural soil disturbance events (e.g. grazing of roots and hyphae and bur-
rowing by animals) remains to be determined.

Another caveat is that the seeding, subsequent germination and initial growth 
may select for fast growing fungal taxa or those taxa with carbon reserve able to 
wait out the formation of appropriate feeder roots to colonize. Unlike the disturbed 
soil bioassays, the intact method does not stack the deck in favor of these rapid 
growers since the mycelial demanding taxa have at least minimal access to some 
undisturbed soil. Moreover, our rank abundance patterns are very similar to field 
results and relevant field studies (e.g. Parrent et al. 2006), further indicating that the 
method can generate reasonable and useful proxies of patterns of fungal communi-
ties in the field.

This method could be modified in a variety of ways to suit the specific needs of 
a study intent on linking fungal identity to ecosystem process. We chose to grow 
pine seedlings since they were the dominant tree in the forest under study and of 
most interest to the parallel study of root exudation (Meier et al. 2013). However, 
matching the primary plant host in a habitat of interest to use in these cultures may 
be more challenging if there are multiple dominant hosts. In such cases, experimen-
tal designs could add more plant hosts per culture and/or test if different hosts in the 
same intact cores recovered the same fungal community.

11.5  Conclusions

Based on these results and the use of this method in simultaneously conducted par-
allel study that examined the relationship between fungal nutritional type and root 
exudates (Meier et al. 2013), we believe this is an important, valuable and easy-to- 
use method for fungal ecology. We encourage all those interested to incorporate 
such methods when looking to determine fungal community function in biogeo-
chemical processes.
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Chapter 12
Potential Role of Beneficial Soil 
Microorganisms in Plant Tolerance to Abiotic 
Stress Factors

Raffaella Balestrini, Walter Chitarra, Vasileios Fotopoulos, 
and Michelina Ruocco

Abstract Abiotic stress conditions such as drought, salinity and extreme tempera-
tures are an increasing problem in agriculture. Research efforts are aimed to develop 
strategies to make agriculture more resilient and to mitigate the stress effects on 
crop production. In this context, the use of root-associated microbial communities 
able to improve plant tolerance is attracting increasing attention. In this chapter, we 
will offer an overview of the researches on the use of soil beneficial microorgan-
isms, focusing mainly on mycorrhizal fungi and biocontrol agents such as 
Trichoderma species, to improve plant tolerance to different abiotic stresses (e.g. 
water stress, salinity, extreme temperatures).

Keywords Plant tolerance • Abiotic stresses • Drought • Symbiotic fungi • 
Arbuscular mycorrhizal fungi • Trichoderma

12.1  Introduction

It is well known that environmental stresses such as drought, salinity and cold can 
limit plant growth and development dramatically reducing the yields of important 
crops (Foley et al. 2011). Drought and land degradation following the salinization 
of soils are increasing considerably worldwide and many food crops are growing in 
suboptimal climatic conditions in different parts of the world (Lesk et al. 2016). 
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The expected climate changes could further worsen this scenario Sheffield et al. 
(2012). Recent evidence shows that plants respond to combination of stresses by 
regulating the expression of an array of defense-related genes, which differs from 
their single-stress responses and is related to the exact environmental conditions 
encountered (Atkinson and Urwin 2012). Plant physiology studies show that plants 
might adapt to abiotic stresses by reprogramming their patterns of gene expression, 
and a large number of plant stress-responsive genes have been recently identified by 
transcriptomic and proteomic analyses (Hirayama and Shinozaki 2010; Soda et al. 
2015). During the last decades, a variety of strategies have been deployed to improve 
stress tolerance in crops, including traditional selection methods and genetic engi-
neering (Wang et al. 2003; Fleury et al. 2010). Research efforts are aimed to develop 
strategies to make agriculture more resilient and to mitigate the stress effects on 
crop yield, e.g. through the selection of crop varieties adapted to drought or by 
improving soil management and irrigation techniques (Campbell 2012), while plant 
priming with chemical compounds against stress factors is also attracting increasing 
attention (Savvides et al. 2016). Designing new strategies to improve abiotic stress 
tolerance in important crops will have positive impact on the plant productivity and 
on the expansion of arable areas. As an alternative strategy, the use of root-associ-
ated microbial communities able to improve plant tolerance is attracting increasing 
attention (Coleman-Derr and Tringe 2014). Only recently, researchers widened 
their point of view considering plants as part of a diverse and dynamic phytobiome, 
where beneficial and detrimental organisms (from microbes to vertebrates) interact 
with each other and with the environment. Given that environmental conditions are 
continuously altered, plants benefit from their phenotypic plasticity, further maxi-
mize through interactions with beneficial organisms (Dicke 2016). Plants live in 
closely related association with soil microbes, and the presence of the complex root- 
associated soil microbial community (rizospheric microbiota) is crucial for plant 
performance and health (Schlaeppi and Bulgarelli 2014; Balestrini et al. 2015). The 
root-associated microbiome is nowadays considered as a key factor for managing 
crop production.

In this chapter, we will offer an overview of the researches on the use of soil 
beneficial microorganisms, focusing mainly on mycorrhizal fungi and biocontrol 
agents such as Trichoderma species, to improve plant tolerance to different abiotic 
stresses (water stress, salinity, extreme temperatures).

12.2  Soil Microorganisms Influence Plant Tolerance 
to Abiotic Stresses

Although drought, salinity and extreme temperatures are an increasing problem in 
agriculture, the contribution of the root-associated microbiome in plant adaptation 
to abiotic stresses has not been extensively studied yet (Rolli et al. 2015). Abiotic- 
stress tolerance is a complex trait and, although several efforts on this topic have 
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been recently developed by researchers, the physiological and molecular mecha-
nisms underlying increased stress tolerance in the presence of microorganisms still 
remain to be elucidated. Additionally, the composition of the plant- associated 
microbiome is continuously modified by the occurrence of specific stresses (biotic 
and/or abiotic), including pathogen attack and either water or nutrient shortage 
(Lareen et  al. 2016). On the other hand, these plant-associated microorganisms 
(bacteria and fungi) help the plant to react and in some cases overcome the resulting 
constraint. Some plant growth-promoting bacteria (PGPB; or plant growth-promot-
ing rhizobacteria, PGPR) appear to be useful in conferring tolerance to drought as 
well as other abiotic and biotic threats (Timmusk and Wagner 1999; Mayak et al. 
2004; Rojas-Tapias et al. 2012; Timmusk et al. 2013; Rolli et al. 2015; Staudinger 
et al. 2016). A process called rhizobacterial-induced drought endurance and resil-
ience (RIDER), which includes physiological and biochemical changes, has been 
proposed to be involved in the mitigation of the impact of drought on plants by 
PGPR (Kaushal and Wani 2016). Multiple mechanisms are involved including 
changes in phytohormonal levels, antioxidant defence, osmolytes (e.g., proline) and 
polyamines, production of heat-shock proteins (HSPs), dehydrins and volatile 
organic compounds (VOCs). Beneficial microorganisms are able to produce and 
induce the formation of plant drought-induced volatiles as signals for developing 
priming and systemic responses for themselves and neighbouring plants (Cho et al. 
2008). Timmusk et al. (2014) demonstrated the effect of bacterial priming on wheat 
drought stress tolerance improvement, resulting in up to 78% greater plant biomass 
and five-fold higher survival under severe drought. Interestingly, these authors mon-
itored the emissions of seven stress-related volatiles from bacterially- primed 
drought-stressed seedlings, suggesting that monitoring VOC emissions could be a 
promising method to characterize the efficiency of different bacterial strains in 
priming for drought stress tolerance. Exopolysaccharides (EPS) produced and 
released by bacteria as component of biofilms can also play a role in the alleviation 
of water deficit effects, increasing soil aggregation and improving water retention 
around the roots (Sandhya et  al. 2009). Nevertheless, bacterial priming towards 
improved crop plant performance shows to be a useful strategy to be explored for 
the alleviation of the impact of low temperature as well (Osman et  al. 2013). 
Together with rhizobacteria, which can establish root-nodule symbiosis with 
legumes, the most important bio-fertilizer microorganisms are arbuscular mycor-
rhizal fungi  (AM), since their best understood function in the symbiosis is to 
enhance the acquisition of plant mineral nutrients (such as phosphorous) in exchange 
for carbon compounds (Balestrini et al. 2015). While ectomycorrhizal (ECM) fungi 
dominate and play important roles in forest ecosystems, AM fungi form mutualistic 
symbioses with the roots of most plants of agronomic importance (van der Heijden 
et al. 2015). They are considered to be essential elements for plant nutrition as their 
hyphae can extend for many meters in the ground helping the plants to acquire water 
and mineral nutrients present in the soil (Bucher et al. 2014). In the last few years, 
several papers have reported the influence of AM symbiosis on plant response to 
abiotic stresses such as drought, salinity, and flooding (Lenoir et  al. 2016). AM 
fungi are also known to alleviate heavy metal toxicity in the host plants and to 
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tolerate high metal concentrations in the soil (Cornejo et al. 2013; Tamayo et al. 
2014; Meier et al. 2015). Due to their several beneficial effects on terrestrial ecosys-
tems, AM fungi are widely used in organic agriculture and plant nurseries to improve 
the growth of economically important species (Corradi and Bonfante 2012). In this 
context, the majority of studies on the impact of mycorrhizal fungi on plant perfor-
mance under abiotic stress conditions have been focused on AM symbioses. In 
recent years, the availability of the mycorrhizal fungi genome sequences (both 
endo- and ectomycorrhizal fungi), and of the transcriptomics data obtained in paral-
lel, allowed to obtain important information about the biology of these fungi and the 
mechanisms involved in the interactions with host plants (Martin et al. 2008, 2010; 
Tisserant et  al. 2013; Kohler et  al. 2015). The genome sequence of ECM fun-
gus Cenococcum geophylum has been recently published (Peter et al. 2016), and 
changes in the expression of genes coding for aquaporins (AQPs), which channel 
water and/or small solutes across membranes (Maurel et  al. 2015), in symbiosis 
have been revealed. It has been suggested that the high expression of two highly 
water permeable AQPs in functioning ectomycorrhizae may be provoked by plant 
water and/or nutrient demand during the interaction (Peter et al. 2016). Expression 
analyses also indicate that a fine-tuned regulation of the AQP genes occurs under 
drought conditions, although no significant effect of C. geophilum colonization on 
plant physiological parameters under drought was revealed. Interestingly, this high 
upregulation of AQP genes seems to be a feature of the C. geophilum symbiotic 
interaction when compared with other mycorrhizal fungi, although important func-
tions of fungal AQPs in the ECM symbiosis have been shown for other ECM fungi 
(Dietz et al. 2011; Navarro-Ródenas et al. 2012).

In addition to mycorrhizal fungi, other important soil beneficial fungi are 
those belonging to the genus Trichoderma. Although these fungi are widely used in 
agriculture for their activity both as plant-growth promoting microorganisms and 
bio- fungicides, information on their involvement in plant tolerance to abiotic 
stresses is still poor.

12.2.1  AM Fungi Versus Drought

Among abiotic factors, drought represents one of the major constraints of crop yield 
and agricultural productivity, with a vast impact on food security issues (Boyer et al. 
2013). For comparative physiological studies, drought would be described as inde-
pendent from plant species/genotype characteristics, but related to the local envi-
ronment. During drought events, water losses in a particular agro/ecosystem are 
greater than water inputs, leading to soil water deficit (SWD; Gilbert and Medina 
2016). During the last decade, several studies have been aimed to verify the impact 
of this stress on plant physiology, trying to further elucidate the complex network of 
responses and to plan strategies focused on sustainable crop management (Osakabe 
et  al. 2014; Daryanto et  al. 2016). It is well known that water stress adversely 
impacts many aspects of plant production and physiology, involving morphological, 
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biochemical and molecular traits that actively respond to limiting damages and to 
permit recovery after water restoration (Chitarra et al. 2014; Secchi et al. 2016). 
More specifically, water deficiency is primarily sensed from root apparatus, then a 
root-to-leaf signal cascade induces physiological and morphological changes, lead-
ing to a reduction in long distance water transport (by forming embolisms) and to 
stomatal closure and reduction in photosynthetic performances (Flexas et al. 2004; 
Chitarra et  al. 2014; Salazar et  al. 2015). Behind this, a complex biological and 
molecular network, involving phythormone regulation, metabolite accumulation 
and signal transduction at cellular level, is at the basis of these modifications 
(Osakabe et al. 2014). Among phytohormones, abscisic acid (ABA) plays a key role 
in plant responses to water stress by mediating regulatory events such as gene 
expression, signalling, ion and water transport (e.g., stomatal opening and AQP 
gene regulation). Furthermore, ABA influences the activities of several transcription 
factors that are orchestrated into molecular pathways enabling the plants to cope 
with stressors (González-Guzmán et al. 2014; Tombesi et al. 2015; McAdam et al. 
2016). Drought-induced damage depends on the intensity and persistence of the 
water-shortened period and may or may not be recoverable (Gilbert and Medina 
2016). Water deficit effects have been studied in several important crops such as 
maize (Kamara et al. 2003), rice (Lafitte et al. 2007), wheat (Rampino et al. 2006), 
tomato (Secchi et al. 2013) and grapevine (Perrone et al. 2012; Chitarra et al. 2014). 
Thanks to the constant development of -omics technologies, researchers are defin-
ing new ways to better understand plant responses to water stress (Dugas et al. 2011; 
Kakumanu et al. 2012; Iovieno et al. 2016). It has been also demonstrated that the 
responses to water deficit conditions can be diverse among different genotypes/
accessions (Galmés et al. 2011, 2013). Furthermore, it has been predicted that plants 
will be exposed to more extreme and multiple abiotic stresses in the future, resulting 
in numerous studies currently being carried out to develop sustainable and adapta-
tion techniques in agriculture (Chatzidaki and Ventura 2010). In this context, AM 
fungal colonization has shown noteworthy results in increasing tolerance to water 
stress (Ruiz-Lozano and Aroca 2010; Augé et al. 2015). The thin AM fungal hyphae 
can explore soil pores inaccessible to root hairs, thus reaching water sources not 
available to non-AM plants. Furthermore, hyphal water transport to the root under 
drought conditions was previously demonstrated (Khalvati et al. 2005). A potential 
water transport via AM fungus to the host plant has been also suggested on the basis 
of the gene expression profiles for two functionally characterized fungal AQP genes, 
thus supporting the existence of a direct AM fungus involvement in plant tolerance 
to drought (Li et al. 2013a, b). AM fungi, which facilitate the formation of water- 
stable aggregates, can also influence soil moisture retention properties (Augé et al. 
2001). In addition to an increase in nutrient and water uptake, different mechanisms 
have been proposed to be involved in water stress alleviation in AM plants. Water 
use efficiency (WUE), i.e., the ratio between net assimilation (AN) and transpiration 
rates (E), is used as key selection trait by breeders for the selection of plants with 
higher survival rate and productivity under stress events (Osakabe et  al. 2014). 
Influence of AM symbiosis on stomatal conductance (gs), which exerts a control in 
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assimilation rates and water exchanges, has been largely reported (reviewed in Augé 
et al. 2015). Since the first studies regarding the activity and the expression of super-
oxide dismutase (SOD) in lettuce plants subjected to drought (Ruiz-Lozano et al. 
1996, 2001; Ruiz-Lozano 2003), the impact of AM symbiosis on plant performance 
under water deficit has been largely studied, considering mainly plant performance 
and growth (in terms of WUE and biomass), osmolyte accumulation (i.e., proline), 
antioxidant enzyme activities (e.g., SOD), as well as AQPs expression (Porcel et al. 
2004, 2006; Bárzana et al. 2012, 2014, 2015; Hazzoumi et al. 2015; Calvo-Polanco 
et al. 2014; Chitarra et al. 2016; Mo et al. 2016; Sánchez-Romera et al. 2016; Ruiz-
Lozano et  al. 2016, and references therein). However, the precise mechanisms 
involved in the improved tolerance by AM symbiosis still remain to be fully eluci-
dated. Additionally, previous reports suggested that the plant responses on stress 
alleviation are environment- and symbiont-specific (Augé 2001; Augé et al. 2015). 
Focusing on more recent papers, following a multidisciplinary approach including 
eco-physiological, morphometric, biochemical and molecular methods, the positive 
effects of two AM fungi (Funneliformis mosseae and Rhizophagus intraradices) in 
increasing tolerance to water deficit in tomato plants were verified by Chitarra et al. 
(2016), although differences between the two fungi were observed. Under severe 
water stress, AM symbiosis affects plant physiology parameters: greater intrinsic 
WUE (iWUE, calculated as AN/gs ratio) values were observed in AM+ plants cou-
pled with lower level of ABA compared with AM- plants. Furthermore, R. intrara-
dices-colonized plants, besides the enhanced morphometric values, showed 
significantly higher stomatal density and thus AN rates in both well- watered and 
water stress conditions. Mirroring the interest and the research efforts on this topic, 
Ruiz-Lozano and colleagues have recently reported a correlation between AM root 
colonization, strigolactone levels and drought severity, suggesting that plants under 
these unfavourable conditions might increase strigolactone production in order to 
promote symbiosis establishment to cope with the stress (Ruiz- Lozano et al. 2016).

12.2.2  AM Fungi Versus High Salinity and Extreme 
Temperature

Drought, salinity, extreme temperatures and oxidative stress are often intercon-
nected, and may induce similar cellular damage (Krasensky and Jonak 2016). The 
progressive salinization of land is among the major environmental factors limiting 
plant growth and productivity, mainly in arid and semiarid regions. The develop-
ment of salt-tolerant crops is an important challenge for breeders and farmers. 
Although the excess of salinity can negatively affect AM fungi due to osmotic and/
or toxic effect of salt (Juniper and Abbott 2006), several studies showed an improved 
growth and performance of AM-colonized stressed plants in several species such as 
maize, clover, tomato, sweet basil, cucumber and lettuce (Porcel et al. 2012; Elhindi 
et al. 2016; Chandrasekaran et al. 2016). Interestingly, alleviation of salinity by AM 

R. Balestrini et al.



197

fungi has been also reported for woody fruit crops such as olive and apple tree, and 
Citrus spp. (Porras-Soriano et al. 2009; Navarro et al. 2014; Yang et al. 2014).

Several processes have been proposed to be involved in the enhanced tolerance 
to salt stress by AM fungal colonization, including improved host plant nutrition, 
higher K+/Na+ ratio in plant tissue, production of osmoregulators, increase in pho-
tosynthesis ability and WUE, as well as water uptake facilitation in AM colonized 
plants. An increase in the activity of antioxidant enzymes in order to cope with the 
reactive oxygen species (ROS) generated by salinity has also been reported, as well 
as a regulation in the expression of genes involved in proline biosynthesis and genes 
coding for AQPs and late embryogenesis abundant (LEA) proteins (reviewed in 
Porcel et al. 2012).

Pedranzani et al. (2016) studied the impact of AM symbiosis in Digitaria erian-
tha cv. Sudafricana plants subjected to drought, cold and high salinity. A positive 
role of AM fungi to cope with stressful condition was suggested, by modulating 
jasmonate and antioxidant levels in stressed plants. An impact of AM symbiosis on 
low temperature has also been reported in cucumber and maize (Zhu et al. 2010a, b; 
Zhang et al. 2009). AM fungi can induce higher enzymatic activity and secondary 
metabolite content in plants leading to greater cold tolerance in cucumber plants 
(Chen et al. 2013). Interestingly, it has also been suggested that AM fungi may be 
significant drivers of plant response to increased soil temperature associated with 
global climate change (Bunn et al. 2009). Researchers’ attention has also focused 
towards the identification of AM fungal species/isolates physiologically and geneti-
cally adapted to the stress conditions in a specific environment. This could be an 
important point for success in recovering saline areas both in natural environments 
and in agricultural lands affected by salinity (Estrada et al. 2013a, b).

12.2.3  Trichoderma spp. Versus Abiotic Stresses in Plants

Among plant beneficial microorganisms, Trichoderma spp. are some of the most 
studied and applied thanks to their multifactorial characteristics (Zeilinger et  al. 
2016). Long known for the mycoparasitism and for the production of cell wall 
degrading enzymes (CWDEs) (Bischof et al. 2016), they are now more and more 
characterized for the overall performance. Thanks to the systems biology technolo-
gies, it has been possible to deeply investigate the physiological changes that occur 
in plant interacting with Trichoderma spp. in the last ten years. In addition, new 
insights are emerging regarding the induction of plant resilience to abiotic stresses 
due to the interaction with these fungi (Alfano et al. 2007; Moran-Diez et al. 2012; 
Brotman et al. 2013; De Palma et al. 2016; Pandey et al. 2016). A few recent papers 
clearly demonstrated that fungi belonging to Trichoderma genus can alleviate plants 
from abiotic stresses (salinity, drought, extreme temperature).

Yildirim and collaborators (2006) found that squash plants treated with T. har-
zianum T22 or other beneficial microorganisms were more tolerant to salinity than 
untreated ones. On the same direction, inoculation with T. hamatum 382 actively 
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induced expression of genes in tomato leaves with a putative function in the response 
to biotic and abiotic stresses, such as two salt-induced genes (TC122281 and 
TC127846) (Alfano et al. 2007). Arabidopsis and cucumber (Cucumis sativus L.) 
plants treated with T. asperelloides T203 prior salt stress imposition also showed 
significantly improved seed germination. In addition, Trichoderma T203 treatment 
affected the expression of several genes related to osmoprotection and general oxi-
dative stress in roots of both plant species (Brotman et al. 2013). T. asperellum Q1 
isolated from the rhizosphere of cucumber plants grown under greenhouse condi-
tions significantly promoted seedling growth and alleviated the growth suppression 
induced by salt stress. This activity was related to its siderophores production and 
phosphate solubilization (Qi and Zhao 2013).

Iron (Fe) deficiency is a major plant nutritional disorder in many parts of the 
world, particularly in areas with saline soils. A high siderophore-producing strain of 
T. asperellum T6, was isolated from the rhizosphere of cucumber plants, and its 
application resulted in increased soil levels of Fe2 and siderophores, as well as to an 
increase of Fe2 and Fe3-chelate reductase (FCR) activity in cucumber tissues. 
Cucumber plants treated with T. asperellum T6 had a growth promotion under salt 
stress compared with the untreated control plants (Zhao et al. 2014). Furthermore, 
T. parareesei T6 was able to prime defence responses in tomato plants against biotic 
and abiotic stresses by exerting beneficial effects in terms of seedling lateral root 
development, as well as by improved defence against Botrytis cinerea and growth 
promotion under salt stress in adult plants (Rubio et al. 2014).

It is interesting to note that Mastouri and collaborators (2010) demonstrated how 
applications of T. harzianum T22 on tomato seeds were more effective when plants 
were subjected to several stresses. In fact, T. harzianum T22-treated seeds germi-
nated consistently faster and more uniformly than untreated seeds under osmotic 
and salt stress, or suboptimal temperatures. These authors suggested that abiotic 
stress tolerance, at least for osmotic stress, is alleviated through amelioration of 
damage caused by ROS, similar to what was previously observed in plants treated 
with endophytic root-colonising fungus Piriformospora indica (Baltruschat et al. 
2008). T. harzianum T22 inoculated tomato plants resulted in enhanced redox state 
by higher activity of ascorbate and glutathione recycling enzymes and more tolerant 
to drought when compared with the non-inoculated control plants. It has been 
hypothesized (Mastouri et al. 2012) that enhanced tolerance of colonized plants to 
water deficit is at least partly due to higher capacity to scavenge ROS and recycle 
oxidized ascorbate and glutathione, a mechanism that is expected to enhance toler-
ance to both abiotic and biotic stresses. Interestingly, the colonization of Theobroma 
cacao (cacao) with T. hamatum DIS 219b isolate enhanced seedling growth, altered 
gene expression, and delayed the onset of the cacao drought response in leaves. 
Results showed that DIS 219b colonization delayed the drought-altered expression 
of all seven expressed sequence tags (ESTs) responsive to drought in leaves, while 
it had less influence on the expression pattern of the drought-responsive ESTs in 
roots. Drought induced an increase in the concentration of several amino acids in 
cacao leaves, while the DIS 219b colonization caused a decrease in aspartic acid 
and glutamic acid concentrations and an increase in alanine and γ-aminobutyric 
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acid (GABA) concentrations. The fact that concentrations of several amino acids 
(i.e., GABA) were found directly responsive to DIS 219b colonization suggested 
the possibility that colonization may pre-adapt cacao to drought as a component of 
the altered signal transduction pathways observed in direct response to colonization 
(Bae et al. 2009).

Soil contamination by heavy metal and metalloids could also cause major prob-
lems to plant growth and development. Arsenic (As) is a ubiquitous metalloid 
extremely toxic for plant tissues, because a small amount of the inorganic forms, 
such as the arsenite (AsIII) can accumulate through aquaporin channels and the arse-
nate (AsV) through the phosphate transporter system, affecting photosynthesis res-
piration, growth regulation and reproduction and, in the most severe conditions, 
leading to plant death (Tripathi et al. 2007). Soil microorganisms have been previ-
ously employed for As decontamination (Srivastava et al. 2011), and few studies 
have demonstrated the role of Trichoderma spp. in ameliorating As stress in plant. 
Tripathi and collaborators (2013) showed that chickpea (Cicer arietinum L.) plants 
inoculated with T. reesei BRI0716 were more tolerant to As-mediated stress under 
greenhouse conditions. Similarly, Caporale and collaborators (2014) demonstrated 
that two species of Trichoderma (T. harzianum T22 and T. atroviride P1) alleviated, 
at least in part, the phytotoxicity of As, essentially by decreasing its accumulation 
in the tissues and enhancing plant growth, P status and net photosynthesis rate.

Additionally, the selection of Trichoderma isolates from various agro-climatic 
zones have been reported, with the aim to select isolates tolerant to high temperatures 
and salinity, with an applicative potential in stressed soils (Poosapati et al. 2014).

12.3  Conclusions

In the frame of the development of more sustainable agricultural systems, with a 
positive impact on the environment as well as on food security and quality, soil 
biologists have recently highlighted the potential of the interactions between roots 
and soil microorganisms in improving plant tolerance to abiotic and nutrient stresses 
(Fig. 12.1). Results so far obtained, allow us to draw a more precise picture about 
plant and soil microbe interactions, underlying the importance of these microorgan-
isms in applicable programs. Recent evidence shows that plants respond to multiple 
and combined stresses by activating a program of gene expression, which differs 
from their single-stress responses and is related to the exact environmental condi-
tions encountered (Sewelam et al. 2014; Pandey et al. 2015). On the other hand, 
these soil microorganisms also will be exposed to the expected climate changes and 
extreme drought events that will cause changes in biodiversity and abundance as 
suggested by Millar and Bennet (2016).

For these reasons, single species or microbial consortia should be isolated and 
characterized from the stress-affected soils in order to select adapted strains/isolates 
that should be more efficient against specific stress conditions (Ortiz et al. 2015).

12 Potential Role of Beneficial Soil Microorganisms in Plant Tolerance to Abiotic…



200

Understanding the physiological and molecular mechanisms involved in plant 
responses to multiple simultaneous stresses is therefore crucial for the development 
of broad-spectrum strategies applicable for the improvement of stress tolerance in 
crops.

The use of a high throughput phenotyping platforms (Singh et al. 2016) to quan-
tify crop performance and tolerance traits of different genotypes may be very prom-
ising to verify the impact of these interactions under stress conditions.

Studying the mechanism at the base of such interactions will be fundamental to 
verify the role of soil microbial communities in the modulation of plant traits rele-
vant to enhanced crop performances under stress conditions. In addition, this will 
allow evaluation of the crop capacity/efficiency to interact with these microbes 
under stress conditions, and to obtain benefits from them, as a trait to be considered 
in breeding programs.
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Fig. 12.1 Alleviation of abiotic stress effects by soil microorganisms. PGPF plant growth- 
promoting fungi
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Chapter 13
Microbial Communities, Functional Genes, 
and Nitrogen Cycling Processes as Affected 
by Tree Species

Relena R. Ribbons, Morag A. Mcdonald, and Lars Vesterdal

Abstract Tree species influence soils through direct and indirect inputs above- and 
belowground through leaf litter and root inputs. Soil microbial communities can in 
turn influence tree growth and development through processes such decomposition 
and chemical transformation of nutrients in soils. In this chapter we will provide an 
overview of the mechanisms by which trees influence soil microbial communities 
and nitrogen cycling processes. Specifically, we explore the effects of tree species 
on ammonification and nitrification processes in forest floor soils, and relate those 
to functional genetic markers for ammonia-oxidation by archaea and bacteria (amoA 
AOA and AOB) bacterial denitrification (nirS and nirK). We will cover the use of 
complementary laboratory methods used to investigate these relationships, includ-
ing the use of molecular techniques such as quantitative polymerase chain reaction 
(qPCR) to target gene abundances in soils, and 15N tracing experiments to under-
stand the production and consumption of nitrogen. We will also address some of the 
benefits and drawbacks of these approaches, with special focus on the types of 
research questions that can be answered using these approaches. The chapter will 
wrap up with an example study in a common garden tree species trial in Vancouver, 
B.C., Canada, which demonstrated tree species effects on soil microbial communi-
ties and nitrogen cycling dynamics.
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13.1  Introduction

Global changes, such as increased temperature and the spread of invasive species, 
are leading to large transitions in both the structure and function of ecosystems 
(Vitousek et al. 1997; Chapin et al. 2000; Ribbons 2014). A major question in ecol-
ogy is: How will global change influence community structure and ecosystem func-
tion? Forests serve as important buffers for climate change through processes such 
as carbon sequestration, are significant sources of primary productivity, and provide 
a variety of major ecosystem services. There is uncertainty in how global change 
will influence forests, which could lead to declines in primary productivity, and 
reductions in ecosystem functions. How forests will respond to global change is 
important to study at both a community and ecosystem level, because changes in 
forest structure and composition have large influences on ecosystem functions. In 
this chapter we aim to address the following three questions: (1) How do microbial 
communities differ between tree species grown on the same forest sites? (2) How do 
gross rates of nitrogen cycling vary under different tree species grown on the same 
sites, and do these effects differ when trees are grown in nitrogen-rich and nitrogen- 
poor environments? (3) How do soil microbial communities and functional genes 
for nitrogen cycling differ between tree species?

Plant soil-feedbacks play an important role in regulating nutrient cycling and 
ecosystem processes (Bardgett 2011), with important implications for ecosystem 
responses to climate change and mitigation. Diversity within a community has been 
widely recognized as a factor that renders ecosystems resilient to perturbation 
(Loreau et al. 2001), but the mechanisms of how these processes work are less well 
understood, especially when scaling to soil and ecosystem nutrient cycling (Van der 
Putten et al. 2010). Understanding how forests are responding to shifts in species 
composition, and resulting shifts in ecosystem processes, is crucial to planning 
global climate change mitigation strategies.

A foundational concept within ecology is the role of species diversity and rich-
ness on community dynamics and ecosystem functions (Huston 1979; McCann 
2000). More recently, the field of functional trait diversity has blossomed, such that 
large databases on functional traits and characteristics at the species-level are now 
commonplace (see TRY database, Kattge et al. 2011). Functional traits are often 
used to categorize plants based on the characteristics that are considered relevant to 
their response to the environment and/or its effects on ecosystem functioning (Diaz 
and Cabido 2001). Recently, research discussing plant functional traits has increased 
in the ecological literature (Diaz and Cabido 2001; Tilman et al. 1998), due to their 
applicability in management and climate change mitigation. For example, plants 
which naturally form symbiotic relationships with root-nodules are able to fix 
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 atmospheric nitrogen, and are thus categorized as having the functional trait of 
nitrogen- fixation. Other examples include physical features such as leaf size, can-
opy height, and ability to re-sprout. The diversity-stability theory in ecology states 
that increased diversity leads to increased ecosystem stability (Elton 1958; Tilman 
et al. 1998) in terms of maintaining ecosystem functions. However, using the litter 
of 32 species of contrasting litter quality, and categorized into four functional 
groups, Wardle (1997) found that increasing species richness had no effect on an 
ecosystem function such as the rate of decomposition.

Functional diversity within an ecosystem can also increase ecosystem stability 
by providing functional redundancy (e.g. several plants with identical functional 
traits). Functional diversity may play a more important role than species richness in 
maintaining ecosystem stability. For example, Isbell et al. (2011) found that high 
plant diversity maintained ecosystem function over time, and that functional redun-
dancy is required within systems to adapt to a changing planet. Tree species have 
different functional traits and occupy different functional niches, suggesting that 
certain combinations of species can enhance specific ecosystem functions, and 
increase ecosystem resilience to changing climatic conditions. The capacity for dif-
ferent tree species to foster functionally distinct soil microbial communities requires 
further exploration, but a wealth of evidence and data support the role of plant-soil 
feedbacks in shaping community structure and ecosystem function.

13.1.1  Plant-Soil Feedbacks

Plant-soil feedbacks, such as biotic interactions, play a large role in how combina-
tions of plants will function. Some species have well-documented negative plant- 
soil feedbacks, such as Prunus serotina (black cherry), which creates a soil microbial 
community that specifically inhibits the growth of its own seedlings in the direct 
vicinity of the parent tree (Reinhart et al. 2003, 2010), an example of the Janzen- 
Connell effect (Janzen 1970; Connell 1971). Other species have positive plant-soil 
feedbacks, which is especially important when the species in question is an invasive 
species (Levine et al. 2006), such as Ailanthus altissima (Tree of Heaven) which 
alters soil communities resulting in the suppression of competitor species (Felker- 
Quinn et al. 2011). By combining specific life history traits, functional traits, and 
known feedbacks we can better predict how combinations of tree species may per-
sist and maintain high levels of forest productivity over time, thus yielding species 
of interest for influencing soil nutrient dynamics by fixing abiotic N or increasing 
soil N availability.

It has long been known that sites with different soils will support plant communi-
ties differing in species composition with species selected based on differences in 
environmental conditions (Binkley and Giardina 1998). Research suggests that 
there are tight couplings between species and the soils they are grown on, whereby 
a species may achieve different growth forms, biomass, and nutrient cycling when 
grown under a range of environmental conditions, such as in monoculture or 
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 polyculture (Bardgett and Wardle 2010; Harrison and Bardgett 2010; Orwin et al. 
2010). There is growing evidence that plant species can alter the soil through their 
litter chemistry, and exudation or turnover of root and mycorrhizal symbionts 
(Bardgett and Wardle 2010), with recent experiments exploring additional soil prop-
erties (Prescott and Vesterdal 2013). Soil microbial communities (bacteria and 
fungi) play critical roles in cycling nutrients and decomposing litter. For example, 
mycorrhizal infection can have a positive effect on tree growth, as hyphae improve 
nutrient acquisition of tree roots by enhancing root surface area in exchange for 
carbohydrates. The next step is to consider how sites with different soils are coupled 
with plant-mediated alterations in these soil communities. How will this coupled 
system respond to changes in species composition (such as the removal or addition 
of species) due to climatic change or forest management practices?

Interactions between plants and soils are widely recognized as important for eco-
system functions. However, species-specific interactions and their effects on eco-
system functions such as nutrient cycling and decomposition remain poorly 
understood, and results are mixed. Plant diversity positively influenced soil carbon 
storage in grasslands (Steinbeiss et al. 2008; De Deyn et al. 2011), peatlands (Wardle 
et al. 2009), forests (De Deyn et al. 2008), and drylands around the globe (Maestre 
et al. 2012); while plant diversity did not influence carbon storage in New Zealand 
forests altered by mammal browsing (Wardle et al. 2001), had a modest positive 
effects in deeper soil layers of temperate forests of Poland (Dawud et al. 2016), and 
increased diversity had a negative effect on soil carbon storage in forests invaded by 
lianas (Phillips et al. 2002). Further research is needed to address how species diver-
sity across trophic levels in conjunction with abiotic factors influence ecosystem 
functions (Midgley 2012). Plant functional composition (e.g. conifer/broadleaves) 
can play an important role in determining how ecosystems cycle nutrients, as has 
been demonstrated for carbon and nitrogen accumulation in grasslands (Fornara and 
Tilman 2008) and forests (Dawud et al. 2016).

Research on plant effects on soil properties has increased recently, due to an 
increased interest in determining the role of plants in regulating carbon to mitigate 
climatic change, for example by sequestering atmospheric carbon dioxide. Much of 
this research on specific examples of above- and belowground linkages in forest and 
grassland ecosystems has been thoroughly examined and synthesized in Bardgett 
and Wardle (2010). In addition, a plethora of studies have examined the role of plant 
species diversity on forest soil properties (Laakso and Setala 1999; Small and 
McCarthy 2005; Blaško et al. 2015). Understanding the linkages between above- 
and belowground components within natural systems is an important challenge for 
predicting climate change effects on ecosystems (Bardgett and Wardle 2010). 
Examining multiple taxa and functional groups in both the above- and belowground 
communities will provide insights into how species may respond to climate change 
and yield practical and applied information.

Exploring belowground responses of soil communities or tree root growth to 
inter- and intra-specific competition between trees planted in forests has implica-
tions for climate change mitigation and carbon sequestration. Soil communities 
have been found to develop tight relationships with the litter they decompose, across 
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many biomes (Keiser et al. 2011; Makkonen et al. 2012). Soil communities often 
preferentially decompose the litter of plants that have been growing in that soil 
compared with foreign litter (from plants grown at other locations), suggesting a 
soil legacy which influences carbon and nitrogen dynamics (Carrillo et al. 2012), 
commonly referred to as the “home-field advantage” (Veen et al. 2014), although its 
generality is still debated. Alternatively, plants can be exerting top-down control 
over the soil community, effectively encouraging a community that is successful at 
decomposing litter of a certain species. Plant-soil feedbacks can play an important 
role in the cycling of nitrogen and carbon. In this review we aim to shed some light 
on the question of how will changes in the forest species composition and soil type 
influence ecosystem functions such as nitrogen cycling in the future.

13.2  Tree Species Common Garden Experiments

Trees tend to grow on different sites preferentially. For example, pines can generally 
tolerate sandy nutrient-poor soils and water-limited conditions, whereas ash or 
maple are more generally suited to richer soil substrates and less water-stressed 
conditions (Binkley and Fisher 2013). This seriously hampers separation of tree 
species and site-related factors on soil and ecosystem functioning (Vesterdal et al. 
2012). However, experimental forests can provide an excellent research framework 
for examining tree species identity effects. Common garden experiments are espe-
cially pertinent for examining tree species identity or diversity effects while reduc-
ing the influence of confounding factors (such as topography, soil characteristics, 
hydrology) to a minimum.

An additional series of new common garden experiments have recently been 
established across Europe to address effects of species diversity (Scherer-Lorenzen 
et al. 2007), but studies of soil functioning will remain for the future when these 
experiments have matured. Instead, a targeted well-selected exploratory platform 
has recently been established and used to study effects of tree species diversity in 
mature forests (see Baeten et al. 2013). In this review we will focus on single-tree 
species effects on soil microbial communities and ecosystem functioning within a 
common garden experiment on Vancouver Island.

The University of British Columbia has conducted several studies in the species 
trial Experimental Project no. 571 (hereafter referred to as EP571) established by 
the B.C. Ministry of Forests, Research Branch. The trial is located on Vancouver 
Island in British Columbia, Canada, and includes four tree species: western redce-
dar (Thuja plicata), western hemlock (Tsuga heterophylla), Douglas-fir 
(Pseudotsuga menziesii), and Sitka spruce (Picea sitchensis) established in 1961 
(Klinka et al. 1996; Prescott et al. 2000), at four sites with contrasting N status, two 
of which were used for the recent work by Ribbons et al. (2016). These two sites 
include Fairy Lake which has low N and high C:N ratio in the forest floors, and San 
Juan which has high N and low C:N ratio in the forest floors. Rates of net nitrogen 
mineralization in laboratory incubations have previously been assessed at the EP571 
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experimental forest (Prescott et al. 2000), in addition to PLFA analyses on microbial 
communities (Grayston and Prescott 2005). In contrast, gross quantification of 
nitrogen mineralization and nitrification rates was only recently explored in addi-
tion to the quantification of forest floor microbial communities and functional genes 
responsible for primary cycling of nitrogen within these forests (Ribbons et  al. 
2016). The following case study illustrates how multiple mechanism-based experi-
ments can yield new insights into ecosystem function.

13.3  Tree Species Effects on Forest Floor Microbial 
Communities and Nitrogen Cycling – A Case 
from British Columbia

We used a common garden forest experiment to disentangle tree species effects 
from possible confounding factors, such as soil parent material, C:N ratios, and soil 
bulk density. This experimental framework was employed to explicitly test the role 
of tree species identity on soil processes like nitrogen cycling. Two deviating sites 
within EP571 was selected to explore the mechanistic links between tree species, 
soil microbial communities, and nitrogen dynamics in the forest floors. These two 
sites were selected because of their contrasting N status in forest floors, and thus 
deviating potential for N cycling process rates. We sampled forest floors from 
underneath each of the four tree species and examined them for physico-chemical 
properties including C:N ratios, microbial C:N ratios, pH, and microbial biomass C 
and N.  A suite of process rates relating to nitrogen transformations were also 
assessed using an isotope pool-dilution method. This data was coupled with quanti-
tative characterization of the fungal and bacterial community, broadly assessed with 
gene markers for fungal biomass abundance (ITS) and bacterial biomass abundance 
(16S). We also quantitatively examined the functional microbial community 
assessed with gene markers for two types of denitrifying bacteria: nirK and nirS, 
and ammonia-oxidising bacteria (amoA AOB) and archaea (amoA AOA).

Site-level differences in C:N ratios played a dominant role in controlling N 
cycling processes. At the high C:N ratio site, Fairy Lake, we found high C:N ratios 
in both the organic matter and microbial biomass led to the consumption and min-
eralization of available NH4

+ by the plant and microbial communities (Fig. 13.1). At 
San Juan, the low C:N ratio of organic matter led to a higher proportion of N min-
eralization, only a portion of which was consumed by plant and microbial commu-
nities. The accumulation of NH4

+ stimulated the soil microbial community, 
specifically the ammonia-oxidizing archaea and bacteria (amoA AOA and amoA 
AOB, respectively). This activity further liberates NO3

- in the system, some of 
which is consumed by plants and microbes, and some consumed by denitrifiers 
(nirK and nirS).

We found larger tree species effects on NH4
+ cycling processes compared with 

NO3
- cycling processes. The greatest differences were between western red cedar 
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and the three other tree species in terms of nitrogen transformations and functional 
genes tied to those microbial processes. We found a positive relationship between 
gross ammonification rates and the abundance of bacterial gene markers, which 
indicates the important role of bacteria in the ammonification process. There was a 
significant positive relationship between AOA amoA gene abundances and nitrifica-
tion rates, which indicates a prominent role of archaeal ammonia-oxidizers over 
their bacterial counterparts. Taken together, this indicates tree species promote spe-
cific soil microbial communities in relation to functional differences in nitrogen 
cycling processes, as evidenced by both the gross N transformation experiments as 
well as the quantitative gene abundance data (Fig. 13.2).

Comparing these findings from EP571 to other ecosystems studies can provide 
valuable information about the functional role of contrasting or complementary tree 
species in long-term forest soil nutrient availability. Coupling methods for examin-
ing fine-temporal resolution of nutrient cycling rates with larger spatial-scale pat-
terns in soil C:N dynamics would be useful for planning forestry and management 
activities across landscapes.

Specifically, refining our knowledge of the mechanisms by which plants alter 
soil microbial communities and exert top-down controls on nitrogen cycling has 
applications for ecosystem restoration and conservation efforts. By increasing our 
knowledge of the functional roles of individual species we are better able to predict 
the influence of species gains and losses (Wardle et al. 2011).

Fig. 13.1 Rates of nitrogen transformations in the forest floors of four tree species at the two sites; 
(mean ± SE). Blue bars Fairy Lake, green bars San Juan, DF Douglas-fir, SS Sitka spruce, WH 
western hemlock, WRC western red cedar (Ribbons et al. 2016, reproduced with permission from 
Soil Biology and Biochemistry)
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Fig. 13.2 Conceptual model of nitrogen cycling processes at the two study sites with differing N 
status: Fairy Lake and San Juan (Ribbons et  al. 2016, reproduced with permission from Soil 
Biology and Biochemistry)
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13.4  Experimental Considerations

Isotope-based methods, such as tracer experiments, as well as natural abundance, 
and pool-dilution experiments are examples of tools best applied to research ques-
tions that require very precise datasets due to the specialized training for imple-
menting and high cost of analyzing those samples (see Murphy et  al. 1999 and 
Booth et al. 2005 reviews for a further discussion on these experiments). With the 
EP571 project we designed our study to use 15N pool-dilution experiments to acquire 
data on the real-time production and consumption of nitrogen in the form of either 
ammonium of nitrate. This allows us to determine gross process rates and associated 
information that is typically aggregated in traditional net N mineralization incuba-
tions. To collect meaningful data, sample replicates within the experiment, and 
technical replicates to ensure analytical quality are needed. Furthermore, alterna-
tives such as natural isotopic abundance studies may be considered before enriching 
samples with isotopes. Would natural 15N abundance be useful for answering the 
research question, or does it require additional fertilization of an isotope, such as 
99% 15N enrichment studies? With an ecosystem-scale N cycling experiment natu-
ral abundance would be useful for quantifying ecosystem N inputs and outputs. A 
15N enrichment approach would be useful for exploring gross rates of N mineraliza-
tion under contrasting agricultural fertilization experiments.

The application of 15N enrichment studies is wide-ranging (Murphy et al. 1999) 
including the fields of agriculture, environmental conservation, ecosystem ecology, 
and soil biology. The use of isotope-based methods enables us to track real-time 
production and consumption of isotope-labeled components thus allowing us to cal-
culate gross rates of nitrogen mineralization and nitrification. Non-isotope tech-
niques, such as a standard 28-day incubation of net mineralization and nitrification, 
can be informative for getting a general picture of how nitrogen is available within 
soils. In contrast, tracing which forms of nitrogen are being produced and consumed 
by microbial counterparts is possible using 15N enrichment and gross nitrogen incu-
bations (Booth et al. 2005).

Molecular techniques including DNA and RNA analyses can provide excellent 
data on the composition, structure, and function of microbial communities. In com-
parison there is a technique for phospholipid fatty acid analysis (PLFA) which is 
aimed at discerning general patterns in fatty acids and using those as biomarkers for 
estimating bacterial and fungal biomass within soil communities (Frostegård and 
Bååth 1996). While PLFAs have been used with success (Frostegård et al. 1993; 
Grayston and Prescott 2005), this method does not isolate specific gene-encoding 
enzymes, which would allow us to track changes in nitrifying bacterial communi-
ties, for example. Recent methods have now been refined such that PLFA is growing 
less common in comparison with DNA or RNA based analyses. Historically, micro-
bial biomass chloroform fumigation extractions (CFE), or variations on chloroform 
incubations, have also been used to quantify microbial activity levels. CFE relies 
upon CO2 production as a proxy for microbial consumption after exposure to chlo-
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roform (Brookes et al. 1985), but this is a coarse metric and does not allow us to 
partition components of the microbial community at a finer resolution.

Recent molecular approaches vary in complexity and associated lab- requirements, 
but also tend to be a more expensive option, especially if next generation sequenc-
ing such as illumina is to be performed, which can be used for whole genome or 
transcriptome studies. The use of genetic markers and DNA-based technologies to 
determine abundance of microbial communities has some distinct advantages over 
alternative methods, such as chloroform-fumigation extraction microbial biomass 
assays (Philippot et al. 2012). DNA-based methods such as PCR and qPCR enable 
us to determine not just the abundance of total microbial biomass, but can be used 
to separate broad functional groups (bacterial vs. fungal) or determine specific func-
tional gene markers (e.g. nitrifying bacteria). Chloroform fumigation extraction, on 
the other hand, is a proxy for microbial biomass and not a direct measure, as it is 
calculated from CO2 production after exposure to chloroform and combined with a 
study-system-specific constant value (often not adjusted and adds to the lack of reli-
ability with this data). In this example, qPCR can be used to provide a more reliable 
dataset than chloroform fumigation extraction.

However, DNA-based methods only provide information about the genetic 
potential for the respective functioning of the microbes. For instance, DNA may 
persist within the soil long-after a microbe has perished or microbes may be inactive 
as a result of adverse environmental conditions in the field. More specific informa-
tion is provided by enzymatic assays which indicate the production of enzymes 
required in a given sample, RNA-based methods which indicate the active replica-
tion of DNA in a given sample, or proteomics-based methods, which can provide 
real-time information about proteins within cells. Each of these methods provides 
higher resolution data on the level of activity of specific genes identified via qPCR 
(Gotelli et al. 2012; Ogunseitan 2006). There are drawbacks to these active methods 
though, including the challenges in accounting for temporal and spatial variability 
within these datasets, and the time and labor-intensive nature of the data collection 
required for sufficient sample sizes for statistics. We suggest careful consideration 
of pairing research methods required with primary research questions of interest 
and the required replication and power to be able to make meaningful conclusions 
from the data.

13.5  Conclusions

In this review we highlight the need for additional experiments to explore tree spe-
cies identity and diversity effects on soils and plant-soil interactions more broadly 
taking advantage of emerging analytical methods. We have shown through the 
EP571 study that multiple complimentary laboratory techniques for assessing eco-
system function can be used to explore the mechanisms behind observed differences 
in nitrogen transformations between tree species and sites. Microbial techniques for 
the quantification of functional gene abundances can provide a greater mechanistic 
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understanding of ecosystem process and function, but additional techniques are 
emerging and show promise to further this field of study.
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Chapter 14
Ectomycorrhizal Fungal Responses to Forest 
Liming and Wood Ash Addition: Review 
and Meta-analysis

Rasmus Kjøller, Carla Cruz-Paredes, and Karina E. Clemmensen

Abstract Large-scale liming and wood ash addition are common practices to miti-
gate soil and water acidification in temperate and boreal forests. In addition, wood 
ash recycles nutrients removed at harvest to the forest ecosystem. Both liming and 
wood ash applications typically increase soil pH by 1–2 units. Therefore, they affect 
a range of soil processes and organisms including ectomycorrhizal (EM) fungi 
which are vital for the nutrition of many tree species. Here we review field studies 
reporting the effects of lime and wood ash amendments on EM fungi. We systemati-
cally compiled studies where known amounts of ash or lime were distributed to 
plots paired with comparable control plots, and where mycorrhizal variables were 
recorded. For a subset of studies meeting explicit criteria, we performed meta- 
analyses using overall mycorrhizal abundance, species richness or the abundance of 
specific fungal taxa as response variables. Guided by availability of data, the focus 
is on Nordic coniferous forests. Although the reviewed field studies varied widely in 
dosage and experimental setup they clearly demonstrated that liming and wood ash 
amendments influence EM fungal species composition. Across studies, species 
belonging to the lineages Cortinarius and Russula-lactarius (Basidiomycota), par-
ticularly Russula ochroleuca, decreased in relative abundance, while species within 
the Tuber-helvella (Ascomycota) increased. Particular species within the 
Amphinema-tylospora lineage responded in opposite directions; Tylospora fibril-
losa decreased in relation to the control, while Amphinema byssoides increased. The 
significant changes in species or clade abundances were in the range of 5–20% 
compared to non-treated plots. In contrast, neither the belowground mycorrhizal 
biomass nor species richness responded to liming or wood ash applications. We 
conclude that liming and wood ash amendments cause consistent EM fungal species 

R. Kjøller (*) • C. Cruz-Paredes 
Department of Biology, University of Copenhagen,  
Universitetsparken 15, 2100 Copenhagen Ø, Denmark
e-mail: rasmusk@bio.ku.dk 

K.E. Clemmensen 
Department of Forest Mycology and Plant Pathology, SLU,  
Box 7026, SE-750 07 Uppsala, Sweden

mailto:rasmusk@bio.ku.dk


224

dominance shifts, but that a high EM fungal biomass and species and phylogenetic 
richness is maintained on the tree roots. Given the large dispersal potential of many 
EM fungi, we therefore suggest that these treatments at normal recommended dos-
ages do not pose any immediate threats to EM fungal biodiversity, at least not when 
applied at relatively small spatial scales. Whether the observed dominance shifts 
among EM fungal clades have consequences for the functioning of the EM fungal 
guild, e.g. in relation to nutrient cycling or tree nutrition, is an important question 
that should be further investigated.

Keywords Ectomycorrhizal fungi • Liming • Wood ash • Biomass • Species rich-
ness • Fungal community composition

14.1  Introduction

Maturing forest soils naturally become more acidic because organic matter accumu-
lates and nutrient bases such as Ca, Mg and K are leached. Therefore, liming prac-
tices started more than 100 years ago with the aim to improve soil conditions and 
tree growth in forests (Huettl and Zoettl 1993; Kreutzer 1995; Larsson et al. 2001). 
With the advent of atmospheric acid deposition arising from anthropogenic pollu-
tion in the early 1980s (mainly SO2, NOx and NH3 derived acids), lime and wood 
ash additions to forest were increasingly used to counteract accelerated acidification 
of soils and freshwater resources (Huettl and Zoettl 1993; Lundström et al. 2003a; 
Clair and Hindar 2005). In recent years, there has been increasing interest particu-
larly in applying wood ash because renewable resources such as forest residues, 
wood chips or wood pills are replacing fossil fuels in power plants (Augusto et al. 
2008; Ingerslev et al. 2011). Therefore, returning the resulting wood ash to the for-
ests has been suggested as a means to both counteract acidification and mitigate 
potential nutrient deficiencies caused by intensive harvesting regimes (Palmberger 
and Egnell 2006; Augusto et al. 2008).

Forest floor liming with calcite (CaCO3) or dolomite (CaMg(CO3)2) or wood ash 
(approx. 16% Ca content) has in most studies generated the anticipated effects of 
enhanced pH, increased cation exchange capacity and base saturation as well as 
lower concentrations of exchangeable aluminum in the upper soil layers (Huettl and 
Zoettl 1993; Kreutzer 1995; Lundström et al. 2003a; Uggla et al. 2003; Löfgren 
et al. 2008). Surface-applied lime or wood ash also appears to be relatively immo-
bile, as calcium released from the dissolution of granules moves very slowly through 
the top organic horizons. Effects may therefore be long-lasting depending on site 
conditions and application method (Lehto and Malkonen 1994; Lundström et al. 
2003b; Löfgren et al. 2008).

Concerns about possible unwanted side-effects of forest liming and wood ash 
applications have also been raised. Some studies reported decreased soil nutrient 
and C retention, i.e. increased concentrations and leaching of nitrate and dissolved 
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organic C and N, decreased N and C stocks in the humus layer and acidification of 
the mineral subsoil (Kreutzer 1995; Andersson et al. 1999; Lundström et al. 2003b; 
Uggla et al. 2003). However, a recent meta-analysis of 67 wood ash and liming stud-
ies did not find any changes in forest floor C/N ratios (Reid and Watmough 2014). 
Also, the relation between pH and tree growth is debated or at least context depen-
dent. An extensive evaluation across 80 sites in Southwest Sweden did not find any 
correlation between soil acidification and forest production (Nyberg et al. 2001), 
and Binkley and Högberg (1997) even suggested that the overall effect of forest lim-
ing in the Nordic countries is an up to 10% decrease in forest growth especially on 
N-deficient soils. This view was corroborated by a study by Jacobson et al. (2014) 
which indicated that wood ash must be supplemented with N in order to promote 
stem growth at infertile sites. The broader-scale meta-analysis by Reid and 
Watmough (2014) also found very large variation in the tree growth responses to 
wood ash and liming additions, although the overall response was positive.

One key element in temperate and boreal forest ecosystems is the ectomycor-
rhizal (EM) symbiosis where fungi belonging mainly to Basidiomycota and 
Ascomycota colonize the finest tree roots with fungal mantles (Smith and Read 
2008). Fueled by C-supply from the host trees, the EM fungi form a mycelial net-
work that expands the soil volume from which nutrients can be mobilized and also 
provides access to complexed N and P that plants cannot normally access (Hibbett 
et al. 2000; Read and Perez-Moreno 2003; Lindahl and Tunlid 2015). EM fungi thus 
constitute the main pathway of nutrients and water from soil to the trees and create 
a conduit for recent photosynthates into the soil matrix (Taylor et al. 2000; Smith 
and Read 2008). The EM fungi not only effectively connect the most active parts of 
the tree roots with the soil, they also form an important barrier for the roots against 
changes in the physical-chemical environment. The EM fungal communities are 
influenced both by natural soil processes such as acidification and accumulation of 
organic matter (Visser 1995) and by human-induced accelerated acidification and 
eutrophication (Cairney and Meharg 1999). It is well documented that individual 
EM species are affected differentially by environmental perturbations such as N 
deposition (Arnolds 1991; Lilleskov et  al. 2002b; Kjøller et  al. 2012; Suz et  al. 
2014). Also experimental acid irrigation (Agerer et al. 1998; Qian et al. 1998) and 
perturbations intended to increase soil pH (Antibus and Linkins 1992; Taylor and 
Finlay 2003; Kjøller and Clemmensen 2009; Rineau and Garbaye 2009b; Klavina 
et al. 2016) have been reported to affect EM community composition, although such 
effects have not yet been subjected to a comprehensive review.

The several thousands of EM fungal species associated with temperate and 
boreal forest trees (Taylor and Alexander 2005; Tedersoo et al. 2010) vary widely 
both structurally and functionally, e. g. with respect to biomass, development and 
differentiation of their extramatrical mycelium (Agerer 2001), extracellular enzyme 
production and nutrient uptake capacity (Leake et al. 1997; Bödeker et al. 2014) and 
weathering capacity (Wallander 2000). The species composition of an EM fungal 
community is therefore tightly linked with both total EM fungal biomass on the 
roots and in the soil and EM functioning. A general decline in species richness or 
complete or partial replacement within the fungal community due to environmental 
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perturbations could potentially have significant implications for forest vitality and 
production. Therefore, it is crucial to obtain consensus knowledge on effects of lim-
ing and wood ash application on overall abundance, species richness and species 
composition of EM fungi before employing these treatments in large-scale forest 
management.

Based on a systematic literature search we here review field studies on effects of 
forest floor liming and wood ash application on abundance of EM roots (biomass or 
frequency measurements) and community composition, with a focus on Northern 
European coniferous forests. For studies suitable for meta-analysis we both per-
formed weighted and unweighted meta-analysis depending on the study design.

14.2  Methodologies of the Reviewed Field Studies

14.2.1  Systematic Literature Searches

In April 2016 the Web of Science and Agricola literature databases where searched 
using the following requests: “ectomycorrhiza” AND liming”, “ectomycorrhiza” 
AND lime”, “ectomycorrhiza” AND ash” and “ectomycorrhiza” AND “CaCO3”. 
No attempts were made to systematically search grey literature i.e. institutional 
reports, PhD theses etc., but these are used in the general discussion when found 
relevant. All searches were restricted to 1990–2016 as pilot searches indicated that 
only after 1990 relevant papers accumulated. The four search files where combined 
and pruned for duplicates which left 140 publications. Titles were then scanned and 
papers clearly out of focus were removed i.e. papers on ash trees, arbuscular mycor-
rhizal fungi, in-vitro studies, ash from natural fires etc. This reduced the database to 
76 records. After reading the Abstracts, 31 papers were maintained which then all 
are addressing the effect of lime or wood ash on EM fungi. Of these, the majority of 
papers addressed the effects on EM root tip abundance or species composition while 
fewer the effects on mycelia or fruiting bodies. Still, not all downloaded papers 
were suitable for subsequent meta-analysis. The explicit protocol used to include 
studies in the meta-analysis were, in addition to the above initial search criteria, that 
i) studies were using a field design with control and treated plots, ii) studies con-
tained one or more EM fungal species richness or abundance measures, and iii) the 
pH change, lime or wood ash dosages and host tree were recorded. If a paper 
included several different study areas or tree species these were treated as separate 
studies. Thus in total 32 studies from 22 publications were included in the meta- 
analysis (Table 14.1). In studies where more than one soil horizon was sampled, the 
top (typically organic) sampled horizon was used. When repeated samplings were 
done, typically in successive years, data from the latest sampling was used. In cases 
where sites were sampled several times and published separately by the same or 
different research groups (Table 14.1), analysis was done both by including/exclud-
ing affected publications successively.
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In the studies included, EM fungi were quantified based on the colonized root 
tips. Specifically, EM fungal abundance was recorded as I) EM root tip biomass per 
soil volume or area sampled, II) number of EM root tips per soil volume or area 
sampled, III) number of EM tips per tree seedling (bait seedlings planted into mature 
forest), or IV) number of EM tips per root length (Table 14.1). If more abundance 
indexes were used in a study, we used measures per soil volume or area over mea-
sures per seedling or root length. Another index of fungal colonization often reported 
in the (older) literature is the percentage root tips colonized by EM fungi. All but 
one study (Börja and Nilsen 2009) reported colonization to be 90–100% indepen-
dent of treatment. Therefore, the percentage colonization level was not used as an 
abundance index in this study. One single study quantified EM abundance based on 
the production of external mycelium (Majdi et al. 2008), but since this study also 
reported the number of ectomycorrhizal root tips this metric was preferred for better 
comparability with the other studies.

Responses in species richness of EM fungal communities have also been reported 
in a number of studies. There has been an immense development in methodology 
especially for describing the below-ground communities during the 26 years from 
which studies were found (Horton and Bruns 2001; Kjøller and Clemmensen 2009). 
Therefore, the species richness estimates extracted from the studies are based on a 
range of different methodologies including I) morphologically identified aboveg-
round sporocarps (1 study), II) morphologically identified belowground EM root 
tips (morphotyping) (12 studies), III) morphotyping combined with PCR-RFLP- 
typing (4 studies), IV) morphotyping combined with DNA-sequencing (10 studies), 
V) DNA-sequencing of randomly sampled EM root tips (1 study). All data types 
may be assigned to particular fungal species depending on availability of reference 
material and when possible, data on particularly common fungal species were com-
pared between studies. Lastly, for analysis of fungal phylogenetic lineages, species 
where grouped into clades based on Tedersoo et  al. (2010) except for Boletus, 
Paxillus-gyrodon, Pisolithus-scleroderma and Suillus-rhizopogon which were 
grouped into Boletales. It was considered beyond the scope of this study to evaluate 
the taxonomic validity within the published works and names are used as they are 
given in the publications.

14.2.2  Meta-analysis

From the studies included in the meta-analysis, spreadsheets were compiled tabulat-
ing the means and if possible the sample size and standard deviation for control and 
treatment. Also other relevant moderators e.g. dosage, stand age, geographical 
region etc. were recorded. In cases where the variation was expressed graphically 
e.g. as error bars these were converted to SD manually based on the graphs.

Generally, it is recommended to perform weighted meta-analysis based on stan-
dardized mean differences calculated from the mean, standard deviation and sample 
size for control and treatment of each study.

R. Kjøller et al.
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Based on this, the individual study-based standardized mean difference are then 
used to calculate a summary across studies. For studies including true replication, 
either as replicated plots within a site or as replication across several sites, we cal-
culated the Hedges’ d as the standardized effect size as this should work down to as 
few as 5–10 studies (Hedges et al. 1999). Hedges’ d range from −∞ to +∞ where 0 
is no difference between control and treatment. Responses >0 or < 0 show an 
increase or decrease of the response variable in comparison with the control. 
Statistics were calculated using MetaWin 2.0 software (Rosenberg et al. 1999). If 
the 95% confidence interval of the individual cases as well of the global summary 
do not overlap with 0 these are judged to be significantly different from the control. 
Unfortunately, many studies only included one treated and one control plot and 
some replicated studies fail to report sample size and variation. For EM abundance 
and species richness we therefore also performed unweighted analyses where effect 
sizes of each study were calculated as ((treatment/control) − 1) %. In total, 12 or 20 
and 10 or 15 studies were applicable to weighted or unweighted meta-analysis of 
the mycorrhizal abundance and species richness response variables, respectively. 
Because of scarcity of data available, only unweighted meta-analysis was possible 
when analyzing abundance of specific fungal taxa (Table 14.1). In the case of spe-
cific EM fungal taxa we simply calculated the relative subtractive value (treatment – 
control). For the unweighted analysis, we also used MetaWin for calculating the 
summary effect size by setting the variance of all studies to 1 (Rosenberg et  al. 
1999). Correlations between effect sizes and moderators where calculated using R 
(R-project 2014).

14.3  Results and Discussion

14.3.1  Effects on Overall Mycorrhizal Abundance

In our weighted meta-analysis, apart from one study (Jonsson et al. 1999), neither 
EM biomass nor number of EM root tips in treated plots deviated significantly from 
control plots (Table 14.1, Fig. 14.1). This was further corroborated by including 
more studies in an unweighted analysis (summary effect size = 7.5 with bootstrap 
confidence intervals between −7.0 and 22.9). There was a strong and significant 
(R = 0.80; P < 0.01) correlation between the weighted Hedges’ d and the simple 
unweighted division metric. Also, analyses were robust when studies from the same 
site were successively excluded (data not shown). Still, we observed some variation 
across studies, indicating a stimulation of mycorrhizal biomass in some sites and 
inhibition in other sites, but effect sizes did not correlate with any of the tested mod-
erators: pH increment, years after treatment, stand age, Ca dosage and plots size 
(data not shown). EM fungal biomass is influenced by the amount of fine roots 
available for colonization. Fine root responses to liming or wood ash treatments 
were not systematically analyzed in this study but additions generally appear to 
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stimulate fine root development in the uppermost soil layers (Huettl and Zoettl 
1993; Persson and Ahlström 1994; Nowotny et al. 1998; Majdi et al. 2008), although 
there is also reports of neutral or negative responses (Lehto 1994a; Majdi and Viebke 
2004). Together these results suggest that forests treated with lime or wood ash can 
maintain a stable and active fine root and EM fungal biomass, ensuring that nutri-
ents are captured and directed to the growing trees.

In contrast to the below-ground EM root tip abundances, several studies showed 
large reductions in the range of 40–50% in production of above-ground EM fungal 
sporocarps (Wästerlund 1982; Agerer et al. 1989; Jacobsson 1993; Wiklund et al. 
1995; Brandrud et al. 2001; Brandrud et al. 2003). This was in spite of relatively low 
liming doses of only 0.2–3 t ha−1 but also relatively short time after treatments. For 
instance, Kårén and Nylund (1996) estimated that Cortinarius spp. accounted for 
30% of the reduction in sporocarp production but only decreased their relative abun-
dance on roots by 2% with liming. These observations suggest that decreased allo-
cation to fruit-body production may be a first and fast response for some EM fungi, 
and that mycorrhizal mycelia may be more sensitive than mycorrhizal biomass 
directly associated with the root tips. However, there was no support for decreased 
mycelial production in the single study where mycelial production indeed was 
recorded, as production in mesh bags buried in plots treated with 3.2 t wood ash ha−1 
was found to be equal to production in control plots (Majdi et al. 2008). Another 
important factor is that above and belowground EM fungal communities show 
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Fig. 14.1 Response of the general EM fungal abundance to liming or wood ash treatments based 
on a weighted meta-analysis using Hedges’ d as effect size with 95% confidence intervals. Positive 
effect sizes indicate a positive response to the treatment while negative effect sizes indicate decline 
in the analyzed variable in response to the treatment. Responses are significant only if confidence 
intervals do not overlap with the vertical zero line. The bottom “Mean Effect Size” is the weighted 
summary statistic calculated from all the individual studies
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 different patterns, as not all EM fungi produce aboveground structures and because 
sampling strategies differ. Thus, complex interactions between EM fungal commu-
nity changes and fruiting patterns may be expected but data are too scarce to pin-
point exact cause-effect relationships yet (but see further discussion below).

14.3.2  Effects on Species Richness and Community Structure

A species rich and phylogenetically diverse EM community is potentially a safe- 
guard against environmental perturbations which allows different nutrient patches 
to be exploited from the soil e.g. organic versus mineral nutrients. As with general 
mycorrhizal abundance, the meta-analysis failed to identify any systematic response 
of EM fungal species richness to liming or wood ash additions (Table  14.1, 
Fig. 14.2). Also for species richness, there was a strong and significant (R = 0.98; P 
< 0.01) correlation between the weighted Hedges’ d and the simple unweighted 
division metric. The summary effect size of the unweighted analysis was −0.4 with 
bootstrap confidence intervals ranging from −13.6 and 12.4.

Clearly, in some of the earliest studies where diversity was recorded based on 
only a few EM morphotypes, these were probably pools of many individual species 
and therefore less likely to show a response in richness or dominance patterns. 
Reduced species richness after liming, however, was indicated in a few studies with 
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Fig. 14.2 EM fungal species richness responses to liming or wood ash treatments based on a 
weighted meta-analysis using Hedges’ d as effect size with 95% confidence intervals. Positive 
effect sizes indicate a positive response to the treatment while negative effect sizes indicate decline 
in the analyzed variable in response to the treatment. Responses are significant only if confidence 
intervals do not overlap with the vertical zero line. The bottom “Mean Effect Size” is the overall 
response calculated across studies.

14 Ectomycorrhizal Fungal Responses to Forest Liming and Wood Ash Addition…



242

high species resolution and relatively large numbers of samples surveyed. In a 
Norway spruce stand in S Sweden exposed to 3.25 t lime ha−1 , belowground rich-
ness was reduced from 27 morphotypes in control plots to 16 in limed plots (Taylor 
and Finlay 2003 – Horröd). This reduction was mainly due to a loss of rare EM 
morphotypes as the community structure changed towards an increased dominance 
of common species. Also, other studies have reported increased dominance of a few 
species within EM communities with liming (Kåren and Nylund 1996; Kjøller and 
Clemmensen 2009). In another study, liming with 3 t of dolomite ha−1 in a Scots 
pine stand in Norway, reduced species richness of the aboveground EM sporocarp 
community from 25–26 species in control areas to 10–14 species in limed areas 
within 3 years after the lime application (Brandrud et al. 2001). In contrast, other 
studies showed a tendency to increases in species richness with liming or wood ash 
application (Taylor and Finlay 2003 – Hasslöv; Klavina et al. 2016). As for mycor-
rhizal abundance, the range of species richness responses did not correlate with any 
of our recorded moderators across studies (data not shown).

14.3.3  Effects on EM Community Composition and Individual 
Taxa

Most of the individual studies from our systematic literature review reported EM 
fungal community changes with liming or wood ash amendments i. e. increased 
relative abundance of some EM species or types on the expense of others (Table 14.1). 
The high species richness of many EM fungal communities combined with the low 
resolution of many of the older studies reduced the number of cases where species- 
level meta-analysis was possible. However, even with the scarce data available sev-
eral species responded significantly to liming or wood ash additions (Fig. 14.3). 
Tylospora fibrillosa, Piloderma croceum and Russula ochroleuca decreased while 
Amphinema byssoides increased in response to liming or wood ash amendment 
(Fig. 14.3). There are most likely other species especially within the Tuber-helvella 
clade (Klavina et al. 2016) and possibly also within Tomentella-thelophora (Taylor 
and Finlay 2003) that given more data would show a significant positive response to 
liming or wood ash addition as also indicated in the analysis below (Fig. 14.4).

Furthermore, our analysis suggests that some species, i. e. Cenococcum geophi-
lum, Tylospora asterophora and Tomentellopsis submollis, do not respond to liming 
or wood ash amendment. One of these species C. geophilum seems to be a true 
generalist interacting with many different soil types and hosts trees including both 
conifers and broadleaved trees (LoBuglio 1999). This species seems capable of 
thriving along a relatively broad pH range and it is also known from other studies to 
be a disturbance tolerant species (LoBuglio, 1999). T. asterophora and T. submollis 
are in contrast confined almost exclusively to coniferous hosts and only recorded 
from the Northern hemisphere (https://unite.ut.ee/index.php), but still these species 
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seem to be resistant to these perturbations and to tolerate the pH ranges experienced 
in the studies included.

Aggregating species into EM fungal clades according to Tedersoo et al. (2010) 
provided more observations that we could analyze across studies. This allowed the 
response of the notoriously species rich clade Cortinarius to be analyzed which 
showed an overall significantly negative response to liming or wood ash amendment 
(Fig.  14.4). Also Russula-lactarius showed an overall negative response, while 
Tuber-helvella responded positively to the treatments (Fig.  14.4). Clearly not all 
species within a clade may respond in the same direction as illustrated for the 
Amphinema-tylospora clade, where Tylospora fibrillosa and Piloderma croceum 
responded negatively, Amphinema byssoides was stimulated, while another abun-
dant conifer species Tylospora asterophora was unresponsive. Overall this summed 
up to a non-significant response of the Amphinema-tylospora clade (Fig. 14.4).

Most of the significant species and clade level effects were robust against inclu-
sion/exclusion of replicated study sites, but in some cases exclusion of particular 
studies changed the overall response markedly. For the order Boletales, nine out of 
the ten included studies showed a negative response to liming or wood ash addition 
but a single study (Jonsson et al. 1999) showed the opposite trend. Here, Tylopilus 
felleus (Boletales) increased from 3 to 18% of colonized root tips with liming which 
blurred the overall response of the clade (Fig. 14.4). Also for the Russula-lactarius 
clade the negative response with liming and wood ash became more significant if 
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Tylospora fibrillosa (N=6)

Fig. 14.3 Results of unweighted summary analysis of individual EM fungal species across differ-
ent studies (number of studies included is indicated by “N=”). The unweighted metrics were: 
treated – control in percent. 95% confidence intervals are calculated with a bootstrapping method 
(Rosenberg et al. 1999). Positive effect sizes indicate a positive response to the treatment while 
negative effect sizes indicate decline in the analyzed variable in response to the treatment. 
Responses are significant only if confidence intervals do not overlap with the zero vertical line.

14 Ectomycorrhizal Fungal Responses to Forest Liming and Wood Ash Addition…



244

studies were restricted to coniferous forests (Fig. 14.4). This was caused by a very 
strong stimulation of a single species, Lactarius subdulcis, with liming in the Fagus 
sylvatica plots of the French Humont experiment (Rineau and Garbaye 2009a; 
Rineau et al. 2010).

As an example of these general trends the Norway spruce experiments in S 
Sweden, Hasslöv (8.75 dolomite ha−1), and S Germany, Högwald (4 t dolomite 
ha−1), are illustrative. In Hasslöv Russula ochroleuca and Tyllospora fibrillosa 
almost disappeared from the root tips in limed plots (Jonsson et al. 1999; Taylor and 
Finlay 2003), and the same two species decreased from 32 to 4% and 30 to 3% with 
liming in the Högwald experiment (Taylor et al. 1992; Qian et al. 1998). Also in 
Högwald, R. ocroleuca decreased as assessed by fruit body observations (Agerer 
et  al. 1998). Russula ocroleuca and T. fibrillosa are common in nutrient poor 
Norway spruce forests, and they made up 15 and 45%, respectively, of all  mycorrhizal 
root tips in control plots at the Swedish site and 32 and 29%, respectively, at the 
German site. In the study by Kjøller and Clemmensen (Kjøller and Clemmensen 
2009) the Russula-lactarius clade made up about 30% of the root tip community in 
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Fig. 14.4 Results of unweighted summary analysis of EM fungal clades across different studies 
(“N=”: number of studies included). Clades were assigned according to Tedersoo et al. (Tedersoo 
et al. 2010). Boletales is composed of fungi from Boletus, Paxillus-gyrodon, Pisolithus-scleroderma 
and Suillus-rhizopogon. The unweighted metric was: treated – control in %. 95% confidence inter-
vals are calculated with a bootstrapping method (Rosenberg et al. 1999). Positive effect sizes indi-
cate a positive response to the treatment while negative effect sizes indicate decline in the analyzed 
variable in response to the treatment. Responses are significant only if confidence intervals do not 
overlap with the zero vertical line. For Russula-lactarius data are shown with or without (*) two 
studies with Fagus sylvatica as host trees, and for Boletales with and without (**) the study by 
Jonnsson et al. (1999).
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control plots but was reduced to 5% after liming, in this case mainly driven by a 
reduction of the Lactarius rufus.

In spite of the relatively high liming dose (8.75 t dolomite ha−1), EM fungal spe-
cies richness in the Norway spruce forest studied by Taylor and Finlay (2003) did 
not change although community composition was almost completely replaced. 
Control and limed areas had only 3 species in common out of the 12 and 15 species 
found in control and treated areas, respectively. Taylor and Finlay (2003) also noted 
that some of the mycorrhizal types, A. byssoides and Tuber puberulum, that thrived 
after the high liming dose were species that are normally associated with more 
nutrient-rich or calcareous soils. The two species were not recorded in control plots 
but made up 38 and 9%, respectively, of the mycorrhizal root tips in the limed plots. 
Similarly, the morphotype Piceirhiza nigra was not present in control plots but 
made up 20% of the community in the limed plots. A. byssoides, T. puberulum and 
P. nigra also showed large increases in abundance at the German spruce forest, 
Högwald, limed with 4 t dolomite ha−1 (Taylor et al. 1992; Qian et al. 1998).

In the three studies reporting decreased production of aboveground sporocarps 
with liming or ash additions, the changes were partly attributed to large decreases in 
the fruit-body production by Cortinarius species. Brandrud et  al. (2001, 2003) 
reported 75–90 % reduction in sporocarp production by Cortinarius species 2½-6 
years after liming with 3 t dolomite ha−1 in two coniferous forests in Norway. A 
lower liming dose of 218 kg Ca ha−1 (equivalent to the Ca content of 1 t dolomite) 
combined with additions of P, K, Mg and S to a Norway spruce stand in S Sweden 
reduced sporocarp production in almost all of the common species including 
Cortinarius brunneus (Wiklund et al. 1995). Belowground in the same experiment, 
Kårén and Nylund (1996) observed significantly decreased frequency (from 3.4 to 
1.2 % of EM tips) of a white morphotype probably including C. brunneus. They 
calculated that fungal species included in this morphotype could account for 30% of 
the reduction in sporocarp production with liming at the site. Also in Högwald a 
Cortinarius species (Dermocybe cinnamomea) was in some years a common fruit-
ing species in control plots but disappeared in limed plots (Agerer 1990; Agerer 
et  al. 1998). Liming resulted in an increased abundance of species that produce 
inconspicuous resupinate sporocarps including Amphinema byssoides and most of 
the tomentelloid fungi recorded (Taylor and Finlay 2003). Therefore, positive lim-
ing effects on these mycorrhizal fungi may generally have been underestimated in 
previous sporocarp-based field studies.

Only a few studies reported no detected effects on community composition with 
liming or wood ash addition. One of these studies investigated effects of a low appli-
cation rate (1.55 t dolomite ha−1) in the Norway spruce experiment at Hasslöv by 
Jonsson et al. (1999). This application rate may have been below the critical load for 
the belowground EM community at this site. Kårén and Nylund (1996) also con-
cluded that in the short-term (<5 years) the use of moderate amounts of N-free fer-
tilizer (with a Ca content corresponding to that in 0.15–1 t dolomite) is not likely to 
drastically affect dominant EM fungi on roots. Also, the critical load for sporocarp 
communities in nutrient-poor coniferous forests in western Norway seems to be 
below 2 t dolomite ha−1 according to a field study of short-term effects (Brandrud 
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et al. 2001; TE Brandrud, pers. com.). The addition of moderate levels of wood ash 
additions (3–7.5 t ha−1) also seems to provoke lesser changes to the EM fungal com-
munity than similar dosages of lime (Erland and Söderström 1991; Mahmood et al. 
2002; Taylor and Finlay 2003) (Table 14.1). This is in spite of that wood ash addi-
tion generate some of the same effects on forest soils as liming, e.g. increased 
pH. An exception was the study by Klavina et al. (2016) where a very significant 
community shift between wood ash treated and control plots was found, but it is 
noticeable that in this experiment a rather extreme dose (50 t ha−1) was used.

14.3.4  Possible Drivers of EM Fungal Community Shifts

Several of the reviewed studies pointed to increased availability of inorganic N after 
liming as the primary mechanism behind reduced production of EM sporocarps 
(Wiklund et al. 1995; Brandrud et al. 2003) and shift in the belowground EM com-
munity (Taylor and Finlay 2003). Most boreal forests are considered N limited 
(Tamm 1991), and it is well documented that increased N inputs to forest ecosys-
tems affect EM communities both aboveground (Arnolds 1991; Wiklund et al. 1995; 
Lilleskov et al. 2001) and belowground (Lilleskov et al. 2002a; Cox et al. 2010; 
Kjøller et al. 2012). Since neither lime nor wood ash contains any N, increased N 
availability with these amendments must then be a consequence of pH driven 
increased mineralization and nitrification rates which has indeed been reported from 
some studies (Kreutzer 1995; Zimmermann and Frey 2002; Jandl et al. 2007). The 
observation that liming decreased the abundance of species adapted to N limited 
and acidic conditions, like many Cortinarius species (Brandrud et al. 2003), while 
species associated with more rich sites e.g. Lactarius subdulcis or Tuber spp. 
increased (Taylor and Finlay 2003; Rineau et  al. 2010), may support this 
hypothesis.

On the other hand, the maintenance of species richness after liming and wood 
ash amendment as seen in Fig. 14.2 is not indicative of increased N availability as 
EM richness normally is reduced under such circumstances (Lilleskov et al. 2002a; 
Kjøller et al. 2012). Indeed, none of the studies captured in the systematic literature 
search reported any stimulation of the N status with liming or wood ash amendment 
but rather indications of lower N availability or no response (Wiklund et al. 1995; 
Börja and Nilsen 2009; Kjøller and Clemmensen 2009; Rineau and Garbaye 2009b; 
Klavina et al. 2016). Therefore, increased mineralization and nitrification rates with 
liming or wood ash additions may be context dependent and are most likely to occur 
at more fertile sites (Jacobson et al. 2014).

Soil pH is often the best predictor of microbial community changes (Högberg 
et al. 2007; Dumbrell et al. 2010; Rousk et al. 2010), and species turnover between 
EM fungal communities often correlates with pH changes (Kjøller and Clemmensen 
2009; Rineau and Garbaye 2009b; Tedersoo et al. 2014). Indeed, laboratory tests 
have shown that pH of the growth medium appears to have differential effects on the 
growth of different EM fungal isolates in pure culture (Hung and Trappe 1983). EM 
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fungal species produce varying types and amounts of extracellular enzymes, and the 
activities of these have been shown to have different pH optima (Leake et al. 1997). 
For instance, Bending and Read (1995) found that activities of proteases involved in 
the mobilization of N from humus declined above pH 4.5. Thus the effects of 
increased pH on enzyme activity probably vary among fungal species and ecotypes, 
which in turn could lead to changed growth of individual EM fungi and cascading 
changes in composition of EM communities.

The availabilities of a range of nutrients including heavy metals are tightly linked 
to changes in soil pH. The solubility of many essential elements such as P, N, K and 
Mg increases with increased pH from 4 to 5, while the solubility e.g. Fe and Al 
decreases. Deficiencies of particularly manganese (Mn) and boron (B) can be induced 
by liming due to enhanced adsorption of these ions to organic particles at higher pH 
(Lehto 1994a). Boron supply is commonly low in the interior of northern Sweden and 
Finland because these areas receive little sea spray, and liming has caused declined 
growth of pine and spruce through decreased solubility and plant access to borate in 
both peatlands and podzolic soils (Gupta et al. 1985; Lehto and Mälkonen 1994).

In the limed spruce forests in S Finland studied by Lehto (1994a), uptake of B 
was probably also impaired by lime-induced injuries on the mycorrhizal fungi, as 
the proportion of dead mycorrhizas increased from 10 to 30% with liming. Boron 
application at the contrary doubled the number of root tips in the humus layer and 
in practice, B fertilization turned out to be a way to counteract the negative effects 
of liming on EM fungi (Lehto 1994a). Later growth chamber study established a 
positive relationship between the internal B concentration in spruce seedlings and 
the numbers of root tips and mycorrhizas as well as mycorrhizal percentage and root 
dry weight (Mottonen et al. 2001). This suggested a direct effect of B status in fine 
root and mycorrhizal development in the investigated soil, but the generality of this 
phenomenon should be further studied.

For wood ash, the matter is even more complicated as wood ash both increases 
pH while at the same time introduce a burst of elements most notably K, Ca, Mg, Fe 
and P. Disentangling the effects of pH and changed availabilities of the introduced 
as well as the native elements can only be achieved in experiments with factorial 
additions of lime and individual elements (Lehto 1994a, b).

14.3.5  Possible Consequences on EM Communities 
and Unique Species with Liming and Wood Ash

From this analysis we can conclude that EM fungal community composition is gen-
erally affected by lime and wood ash amendments, while total EM fungal biomass 
and species richness appear resistant. In general, EM fungal communities have been 
found to adjust to various changes in their environment (Stendell et  al. 1999; 
Toljander et al. 2006; Kjøller and Clemmensen 2009; Suz et al. 2014; Klavina et al. 
2016). Depending on the magnitude of the environmental change, the response by 

14 Ectomycorrhizal Fungal Responses to Forest Liming and Wood Ash Addition…



248

an EM community probably starts by physiological responses in the species present, 
then by altered relative abundances between species within the community and ulti-
mately by species losses or replacements.

Compared to clear-cutting or stand replacing fires, liming and wood ash amend-
ments may seem to constitute relatively moderate disturbances in the forest ecosys-
tems. However, lime acts over many years and especially the study by Taylor and 
Finlay (2003) showed that liming can result in an almost complete replacement of 
an EM community, in parallel to observations following clear-cutting or stand- 
replacing fires (Baar et al. 1999; Clemmensen et al. 2015; Kyaschenko et al. 2017). 
The study by Taylor and Finlay (2003) however may be extreme, as the liming dos-
age was relatively high (8.75 t ha−1) causing a large pH increment (1.8 units). The 
other included studies showed significant, but still more moderate, community 
responses with many species overlapping between treated and non-treated areas, 
although at different relative abundances. As species richness and fungal biomass 
seems to be unaffected, the moderate dosages normally used (often 3–4 t ha−1) 
appears to be a safe forest management application rate in production forests. Also, 
soil borne resistant propagules and re-colonization from surrounding areas will in 
the longer run act to limit the risk of species losses, although the larger the managed 
areas, the higher the risk for geographically isolated sensitive species to go extinct. 
Whether the observed EM fungal community changes with liming and wood ash 
amendments have consequences in relation to nutrient cycling and tree nutrition, is 
an important question that needs to be clarified in future studies. For example, the 
reduction of Cortinarius abundance with lime and wood ash treatments observed in 
several studies, may indicate a shift in mode of nutrient cycling away from organic 
N mobilization (Bödeker et al. 2014). As Cortinarius species recolonize forest areas 
only slowly after eradication (Kyaschenko et al. 2017), this could have long term 
consequences for the forest ecosystem.
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Chapter 15
β-Glucosidase Activity of Forest Soil 
as an Indicator of Soil Carbon Accumulation

Ewa Błońska and Jarosław Lasota

Abstract In this research study, β-glucosidase activity was used to assess differ-
ences occurring in soils as a result of the influence of different tree species. The aim 
of the study was to assess the effects of Scots pine (Pinus sylvestris) and peduncu-
late oak (Quercus robur) on the enzymatic activity of β-glucosidase, selected bio-
chemical properties, as well as physical and chemical characteristics of soil. Sample 
plots were located in central Poland, in the Przedbórz forest district (51.09.59.50 
°N, 20.00.24.25 °E). The test area was dominated by Cambisols (WRB 2002). 
Twenty research plots were established: 10 plots under pine and 10 plots under oak. 
The pH, soil texture, and organic carbon, nitrogen and base cation contents, 
β-glucosidase activity, and microbial biomass carbon, respiration were determined 
in the soil samples. The highest activity of β-glucosidase in this study was reported 
in the soils of pine stands. In the case of pine trees, the enzymatic activity is prob-
ably due to a simultaneous interaction of mycorrhizal fungi in the roots of pine trees 
with fungi present in genetic horizons which are rich in acidic decomposition prod-
ucts of organic matter derived from surface humus. The rate of organic substances 
transformation depends largely on the quality of soil organic matter, which is related 
to species composition of forest stands. We noted a significant correlation between 
β-glucosidase activity and carbon content, C/N ratio and acidity of soil. The profile 
distribution of β-glucosidase activity in the estimation of soil profiles decreased 
rapidly with soil depth.

Keywords Forest soil • Soil organic matter • Scots pine • Pedunculate oak
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15.1  β -Glucosidase Activity in Soils – Introduction

Through diverse composition of tree species the forest stand may modify vari-
ous soil properties (physical, chemical and biochemical). Tree species affect 
soil organic matter (SOM) accumulation (Hobbie et  al. 2006; Mueller et  al. 
2012), pH (Paluch and Gruba 2012; Łabaz et al. 2014) and the cation exchange 
capacity (Gruba and Mulder 2015). They may also affect soil microbial biomass 
and soil enzyme activities in a variety of ways, e.g. by changing the properties 
of SOM, pH modification or nutrient availability (Adamczyk et  al. 2014; 
Kotroczó et al. 2014).

According to Janssens et al. (2002), roots are the key components of the forest 
ecosystems and the primary source of soil organic matter. Not only forest litter but 
also roots deliver organic matter that contains various components such as soluble 
sugars, organic acids, cellulose and lignin (Baldrian and Šnajdr 2011). The decom-
position of soil organic matter depends on soil microorganisms and their sets of 
extracellular enzymes (Baldrian 2014). In comparison with arable soils, forest soils 
contain larger fungal biomass. The fungi in the forest environment are thought to 
play a major role in the early stages of decomposing substances such as lignin and 
cellulose. Kotroczó et al. (2014) suggested that plants change enzymatic activity to 
a longer extent through roots and their exudates than through the fallout of detritus. 
Decomposition of organic matter in soils is mediated by a complex set of extracel-
lular enzymes that are produced by soil fungi and bacteria. β-glucosidase is an 
enzyme taking part in the decomposition of cellulose to glucose by the hydrolysis 
of glucosides. Cellulose is quantitatively the most important organic compound in 
the biosphere, therefore the products of its enzymatic hydrolysis are important as an 
energy sources for soil microorganisms. β-glucosidase has been detected in micro-
organisms, plants and animals. It is of significant importance in the carbon cycle 
(Sinsabaugh et al. 1991). β-glucosidase is very sensitive to different factors, there-
fore the determination of its activity might be helpful in soil quality monitoring 
(Piotrowska and Koper 2010). β-glucosidase activity has been found to be sensitive 
to soil management and proposed as a soil quality indicator (Dick et  al. 1996; 
Naidja et al. 2000).

Only scattered information exists concerning the complexity of the relation-
ships between tree species, soil properties and β-glucosidase activity. In this 
research study, β-glucosidase activity was used to assess differences occurring in 
soil as a result of the influence of different tree species. The aim of the study was 
to assess the effects of Scots pine (Pinus sylvestris) and pedunculate oak (Quercus 
robur) on the β-glucosidase activity and chemical properties of soil. We expect that 
pine forests cause a high organic matter accumulation and decrease decomposition 
rates. We hypothesized that in pine forests the simultaneous interactions of mycor-
rhizal fungi in the roots and fungi in the genetic horizon of soil stimulate 
β-glucosidase activity.
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15.2  Materials and Methods

Sample plots were located in central Poland, in the Przedbórz Forest District 
(51.09.59.50°N; 20.00.24.25°E). The study area is characterized by the following 
conditions of climate: the average precipitation in the year amounts 649 mm, the 
average temperature is 7.4  °C.  The test area is dominated by Brunic Arenosols 
(WRB 2014). Sample plots were located in the area with a predominance of glacio-
fluvial sands and boulder clay. Twenty plots (1000 m2) were established in pine (P. 
sylvestris) and oak (Q. robur) forest stands.

The samples for laboratory testing were collected from the organic horizon 
(Ofh), the first mineral horizon down to 20 cm depth (A) and the second mineral 
horizon (B) (from 20 to 35 cm depth horizon). Soil samples were taken during veg-
etation season (June – July). From each sampling point, 5 subsamples were taken to 
form a composite sample. For the determination of enzymatic activity one part of 
fresh samples of natural moisture were sieved through a sieve (diam: 2 mm) and 
stored at 4 °C before the analysis. Samples for physico-chemical properties were 
first dried at room temperature to an air-dry condition and then sieved. The pH of 
the samples was analysed in H2O and KCl using the potentiometric method 
(Ostrowska et  al. 1991). The soil texture was determined by laser diffraction 
(Analysette 22, Fritsch, Idar-Oberstein, Germany). The content of carbon (C) and 
nitrogen (N) were measured by an elemental analyzer (LECO CNS TrueMac 
Analyzer, St. Joseph, MI, USA). Base cations (BC: Ca2+, Mg2+, K+, Na+) concentra-
tions were determined by inductivey coupled plasma-optical emission spectrometry 
(ICP-OES) (iCAP 6500DUO, Thermo Fisher Scientific, Cambridge, UK).

The activity of β-glucosidase (AB) was determined with by the method of Eivazi 
and Tabatabai (1988) using of p-nitrophenyl-β-D-glucopyranoside (PNG Sigma 
Chem. Co.) as a substrate. The enzyme activity was given in μg pNP (paranitrophe-
nol) per 1 g of soil within 1 hour. In order to determine respiration, 50 g amount 
moist field samples were placed in 1liter plastic jars. Production of CO2 was esti-
mated using NaOH traps. Fifty ml polyethylene containers filled with 30  ml of 
1.0 M NaOH were placed in the 1 liter jars on the soil surface. The jars were tightly 
sealed for one week. To determine microbial biomass carbon, 5  g of soil were 
weighed and fumigated with CHCl3 in a glass desiccator (vacuum type) for 24 h at 
25  C. Fumigated and non-fumigated samples were extracted with 0.5 M K2SO4 and 
then filtered with the Whatman filters (84 g/m2) (Vance et al. 1987). The amount of 
organic C was determined quantitatively by oxidation of potassium dichromate 
(Jenkinson and Powlson 1976). Microbial biomass carbon was calculated from the 
difference between the quantity of total C extracted from fresh samples fumigated 
with CHCl3 and the amount extracted in the non-fumigated control samples.

Statistical analyses were performed using STATISTICA 10 software. The U 
Mann-Whitney test was used to assess statistically significant differences between 
the mean values for soil properties under the study. The strength of the relationship 
between variables was established using the Pearson linear correlation coefficient 
(product-moment correlation coefficient). Principal component analysis (PCA) was 
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used to reduce the number of variables in statistical datasets and visualize multivari-
ate datasets. The PCA method was also applied in order to interpret factors depend-
ing on the kind of data set.

15.3  Depth Trends in β-Glucosidase Activities

The activities of β-glucosidase depending from soil profiles are shown in Fig. 15.1. 
Among the studied horizons, the highest β-glucosidase activities were detected in 
the organic horizon (Ofh) of soil under pine and oak stands.

The average activity was 375.56 mmol pNP·g−1·h−1 in Ofh horizon under pine 
stands, and 223.81 mmol pNP·g−1·h−1 in Ofh horizon under oak stands. In the 
humus-mineral horizon (A), the β-glucosidase activity decreased (approx. 70% 
regardless of the stand type), while in the B horizon it decreased about 90% 
(Table  15.1). The organic horizon (Ofh) could be characterized with the highest 
carbon and the base cation content (Table 15.2).

The tree stands had four basic types of impact the tree stands have on the soil, 
through: plant litter, the impact on microclimate, root systems, and the impact of 
rainfall which infiltrates treetops and flows down the trunks. The surface horizon 
could be characterized by the highest roots biomass at all sites (Stone et  al. 
2014). Roots provide root exudates and dead organic material. The remains and 

Fig. 15.1 Declines of β-glucosidase activity as a function of soil depth (Ofh humus-organic hori-
zon, A humus mineral horizon, B mineral horizon, OF oak stands, PF pine stands)
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exudates of roots are important sources of nutrients for microorganisms, and 
increase their numbers and activity, which leads to a rise in the enzymatic activ-
ity (Kumar et al. 2006). Ectomycorrhizal fungi show a considerable enzymatic 
activity (Colpaert and Laere 2006), are responsible for mobilizing nutrients 
required by plants by decomposing soil organic matter, which stimulates the 
enzymatic activity (Courty et al. 2006).

According to Esen (1993), β-glucosidase is produced by a variety of organisms 
(plants, animals, fungi, and bacteria), but comes mostly from fungi, such as 
Actinomucor and Mortierella. High concentrations of β-glucosidase are present on 
the surface of organic debris and fine fraction (< 2mm) where fungi predominate 
(Hayano and Tubaki 1985). The distribution of β-glucosidase activity in the soil is 
associated with the profile distribution of soil organic matter. The high activity of 
enzymes in upper horizons of the soil is associated with the presence of microorgan-
isms and their activity and the content of the organic matter constituting the feeding 
base. This patterns are linked mainly to the location of humus in the soil and the 
amount of available carbon substrates for the microorganisms present in the soil as 
well as the decreasing quantity of enzymes with the increasing depth of the soil 
profile. The observed decline in enzyme activity in the soil profile is fully consistent 
with the observations of Eivazi and Tabatabai (1990), Trasar-Cepeda et al. (1998), 
Kandeler et al. (1999) and Wang and Lu (2006). Additionally, microbial biomass 
and substrate pools generally decline with soil depth (Kumar et al. 2006) and the 
microbial community structure often changes with depth (Eilers et al. 2012). Not 
only soil organic matter affects the enzyme activity but numerous soil properties can 
influence microbial communities, including pH (Rousk et  al. 2010), temperature 
and moisture (Brzostek and Finzi 2012; Wallenstein et  al. 2012), redox status 
(DeAngelis et al. 2010) and texture (Sessitsch et al. 2001). All of these properties 
can change with depth.

Table 15.1 Comparison of biochemical properties of the examined soils under different tree 
stands (mean ± SD)

Stands* AB RESP MBC

Ofh
PS a362.21 ± 63.31 8.38 ± 1.57 306.16 ± 20.44
OS b247.36 ± 91.41 22.98 ± 2.27 432.55 ± 23.98

A
PS 83.70 ± 53.41 n.d. n.d.
OS 56.03 ± 41.37 n.d. n.d.

B
PS 32.32 ± 22.04 n.d. n.d.
OS 27.06 ± 11.21 n.d. n.d.

*PS pine stands, OS oak stands, AB β-glucosidase activity, RESP respiration, MBC microbial bio-
mass carbon. Ofh organic horizon, A humus mineral horizon, B mineral horizon. Different lower 
case letters in the upper index of mean values indicate significant differences (P < 0.05)
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15.4  The β-Glucosidase Activity and Its Relationship 
with Other Soil Properties

In this research study, β-glucosidase activity was used to assess differences occur-
ring in soils as a result of the influence of tree species. The highest β-glucosidase 
activity was found in soils under pine stand. Significant differences in β-glucosidase 
activity were noted between the soils of pine and oak stands (Table 15.1). The small-
est difference between the soils of pine and oak stand in β-glucosidase activity 
(30%) was observed in the mineral horizon (A and B), while a greater difference 
(60%) was recorded in the organic horizon (Ofh) (Table 15.1). A projection of the 
variables on the factor plane clearly demonstrated correlation between β-glucosidase 
activity and other soil properties of organic horizon and the type of the forest stand. 
Two main factors had a significant total impact (83.4%) on the variance of the vari-
ables. Factor 1 explained 74.05% of the variance of the examined properties, and 
factor 2 explained 9.39% of the variance (Fig. 15.2). In contrast, the soil of oak 
stands was characterized by a high pH, respiration and microbial biomass carbon. 

Fig. 15.2 Projection of the variables on the factor-plane in soils under different tree stands (O oak 
stand, P pine stand, AB β-glucosidase activity, MBC microbial biomass carbon, RESP respiration, 
BC base cation content, N nitrogen content, C carbon content)
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The soil of pine stands contained a lot of weakly decomposed organic matter (high 
C/N ratio). β-glucosidase activity was associated with the carbon and nitrogen con-
tent (Table 15.3). The β-glucosidase activity increased with the increase of C con-
tent. Generally, coniferous forests have a more acidifying effect on the soil than 
deciduous forest (Augusto et al. 1998; Gruba and Mulder 2008; Mueller et al. 2012; 
Paluch and Gruba 2012).

According to Błońska et al. (2016) decrease in pH was probably caused by tree 
species related with modification of the relationship between H+ and Al3+, which 
affected the composition of cation exchange capacity (CEC), thereby leading to 
shifts in microbial community composition and size, as well as enzyme dynamics. 
In the case of pine trees, the β-glucosidase activity is probably due to a simultaneous 
interaction of mycorrhizal fungi in the root of pine trees with fungi present in the 
horizons which are rich in acidic decomposition products of organic matter derived 
from surface humus.

Myśków (1987) proved that a decrease in pH leads to an increase in the percent-
age of fungi and enzymatic activity associated with them in relation to the activity 
of soil bacteria. Januszek (1993) presented the number of bacteria and fungi in dif-
ferent types of forest humus. In mull, a type of humus typical of deciduous stands, 
the total number of fungi amounted to 150 thousand per cm3 of soil, and the total 
number of bacteria to over 7.5 million per cm3 of soil. In moder, a type of humus 
found at sites with pine stands, the number of fungi amounted to over 1.2 million 
per cm3 of soil, and the number of bacteria to over 1 million per cm3 of soil. In an 
early study Błońska (2015) revealed relation between the β-glucosidase activity and 
root system. The highest biomass of fine roots was associated with ash trees, in the 
soils of which the highest β-glucosidase activity was reported. The lowest biomass 
of fine roots was observed in the beech and pine tree stands. The roots of beech and 
pine trees are colonized by ectomycorrhizal fungi, whereas the roots of ash trees by 
arbuscular mycorrhizal fungi, which accounts for their differing strategies of nutri-
ent acquisition. Additionally, the author noted that soil samples under the ash stand 
had the best aggregate structure, as evidenced by the number of aggregates with a 
diameter of 1–2 mm and 2–5 mm, which was much higher than the number of these 
aggregates in soils under pine, beech and oak stands.

Table 15.3 Correlation between β-glucosidase activity (AB) and soil characteristics

pHH2O pHKCl C N Ca K Mg Na

AB Ofh
−0.503* −0.501* 0.542* 0.507* 0.218 0.291 0.224 0.575
A
−0.099 −0.273 0.646* 0.474 0.630* −0.013 0.355 0.327
B
−0.001 −0.321 0.257 −0.268 −0.278 −0.308 −0.240 −0.427
All horizons
−0.513* −0.603* 0.758* 0.703* 0.550* 0.676* 0.390* 0.683*

*= Significant for P < 0.05. Ofh organic horizon, A humus mineral horizon, B mineral horizon
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Other parameters expressing the biochemical activity of soil arranged inversely 
than the activity of β-glucosidase. The statistically significantly higher respiration 
and microbial biomass carbon in soils of oak stands were noted (Fig.  15.2). 
Respiration in organic horizon of soils under pine stands was 60% lower compared 
to the organic horizon in soils of oak stands. Raich and Tufekcioglu (2000) reported 
that the soils of deciduous stands showed higher respiration rate in comparison with 
coniferous stand. The level of soil respiration is strongly influenced by the quality 
of organic litterfall as well as the quantity and quality of organic remains and exu-
dates provided by the root system. Microbial biomass C in soils of pine stands was 
30% lower than in the soils of oak stands. The microbial biomass C had a strong 
positive correlation with C and N contents.

According to Peacock et  al. (2001), the quantity and quality of organic litter 
input is one of the most important factors affecting microbial biomass. The activity 
of β-glucosidase may serve as a soil quality monitoring indicator, since it plays an 
import ant role in the cycle of organic matter in the soil. This study reported a cor-
relation between β-glucosidase activity and carbon content and microbial biomass 
carbon. Microbial biomass C is connected with the biomass of bacteria and fungi, 
regardless of their enzymatic abilities. We confirmed that the forest type would be a 
primary driver of enzyme activities in soils due to differences in leaf litter chemis-
try. Different tree species have different impact on the quantity and quality of the 
supplied organic matter, as wel as on the properties and processes that determine the 
fertility and on soil quality parameters, such as pH, the amount of N and C, or the 
circulation of nutrients. Organic matter that comes from deciduous and coniferous 
species is characterized by varying rates of decomposition. Faster decomposition of 
organic matter occurs in deciduous or in coniferous tree stands where there is a high 
proportion of deciduous species (Légaré et al. 2005; Bonifacio et al. 2008).
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Chapter 16
Linking Ecosystem Variability  
and Carbon Sequestration: Estimation 
of Sequestered Carbon in Natural Forests 
and Perennial Crops

Jelena Milovanović, Uroš Radojević, and Mirjana Šijačić-Nikolić

Abstract Forests have a key role in climate change. One of the most important for-
est carbon stocks is forest soil. Globally it is estimated that forest soil carbon stock 
may vary from equal to twice that of forest vegetation. Because of that it is impor-
tant to have estimates of soil carbon and soil biodiversity which plays a key role in 
soil carbon sequestration. This can be done by either through repeated measure-
ments or by application of dynamic models. In this chapter up to date program solu-
tions which can be used to model carbon sequestration under different forest 
management practices are reviewed. The application of modeling tools with the aim 
of sequestered carbon estimation and exploring its linkages to ecosystem variability 
are presented through literature review and a case study from Serbia. Moreover, 
possibilities of modeling carbon sequestration in perennial grass species are elabo-
rated, emphasizing simplified ecosystem of perennial crop Miscanthus x giganteus, 
an attractive agro-energy crop suitable for short rotation plantation establishment, 
assumed as neutral for CO2, that is retained by underground organs.
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Acronyms

Agro-energy crops  crops used for production of biofuels
ALMANAC  model that simulates crop growth, competition, light 

interception, biomass accumulation, water use, nutrient 
uptake

CAI  current annual increment
CO2FIX  model for quantifying carbon sequestration in forest 

ecosystems and wood products
Degree days above zero  measure of heat accumulation by plants at temperatures 

above zero
EPIC  generalized crop model that simulates daily crop growth 

on a hectare scale
MISCANMOD  model for estimating biomass production from 

Miscanthus throughout Europe
Rotation  growth period required to derive maximum value from a 

stand of timber
Yasso  soil carbon model
Yield table  tabular statement which summarizes per unit area basis 

of all essential data relating to the development of man-
aged forests

WIMOVAC  model of the carbon balance of vegetation and related 
systems which allows prediction of responses to climate 
change

16.1  Introduction

Terrestrial part of the biosphere has an important role in the global carbon cycle, and 
due to the actual issues related to climate change there is an increased interest in this 
process, specially related to sequestration of carbon in the biosphere. During the last 
decade of the past century the average carbon sequestration in the biosphere was 
estimated at 2.3 billion tons per year, which is 36% of the total carbon emission 
coming from combustion of fossil fuels (Chapin et  al. 2002). Forest ecosystems 
play an important role in the global carbon cycle since they have a large potential 
for carbon sequestration within forest biomass and forest soils. However, they can 
also represent a source of carbon due to natural processes such as ageing, seasonal 
variations in carbon dynamics, and anthropogenic impacts related to forest manage-
ment or forest degradation.

Soils also represent an important reservoir of carbon since they can store it even 
after plants which have been grown on them have been removed (forestry, agricul-
ture, etc.). Soils are especially important because they are able to store carbon for 
longer periods of time then organic biomass. It is estimated that soils contain more 
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than 4.5 times carbon than living biomass (Lal 2004). Importance of soil’s role as a 
carbon reservoir has also been recognized within Articles 3.3 and 3.4 of the Kyoto 
Protocol which state that reporting of changes in soil organic carbon which result 
from land-use change is necessary within annual GHG inventories. This has con-
tributed to an increase in cultivation of agro-energy crops which are used for biofuel 
production. This is thought to have an offsetting effect on anthropogenic CO2 emis-
sions through soil carbon sequestration, organic biomass carbon sequestration as 
well as fossil fuel substitution.

So far both food crops (for example corn) and lingo-cellulosic biomass crops 
have been used to produce biofuels. However, this has led to a food vs. fuel debate 
since there is limited availability of land for growing crops. Currently, many coun-
tries and regions in the world already feel pressure in land available for critical 
socioeconomic activities, converting the existing cropland or developing new land 
for biofuel production raises immediate concerns, including the food versus fuel 
debate, effects on the livelihoods of small-scale farmers, pastoralists and indigenous 
people, threat to nature conservation, and possible increase of carbon emissions, 
also, land use change usually causes changes in water use, and consequently, bio-
fuel production may aggravate water stress, which is already a growing worldwide 
issue (Service 2007). Possible solutions for this problem include using marginal, 
degraded and/or abandoned agricultural land as a source of biomass for biofuel 
production. According to Campbell et al. (2008) abandoned land globally available 
for the production of bioenergy crops varies between 385 and 472 Mha.

Degraded land, defined as “areas where human activities have induced soil and/
or vegetable degradation” (Hoogwijk et al. 2003), is assumed to have a potential 
between 430 and 580 Mha. Plants which could be suitable for agro-energy crops 
should then satisfy several criteria which include suitability for growth on marginal/
degraded lands, fast growth of biomass, and none or low negative environmental 
impact. Possible species include fast growing woody species like poplars, willows 
or eucalyptus, as well as high biomass yield perennial grasses like Miscanthus x 
giganteus.

The final aim of a model-based approach is to determine the applicability of 
available soil and forest biomass models in determining the links between forest soil 
biodiversity and forest soil carbon cycle. In this chapter up to date program solu-
tions which can be used to model carbon sequestration under different forest man-
agement practices is reviewed. The application of modeling tools with the aim of 
sequestered carbon estimation and exploring its linkages to ecosystem variability is 
presented through latest literature review and a case study from Serbia.

16.2  Modeling Forest Ecosystems Carbon Dynamics

In general, modeling of forest ecosystems, and of carbon cycle within them, has to 
encompass all relevant factors and processes such as environmental conditions, 
photosynthesis, autotrophic and heterotrophic respiration, carbon allocation and 
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differences associated with different tree species. Different models use different 
approaches for representing these parameters.

Modeling of forest ecosystems has from its starting applications been primarily 
oriented towards forestry activities. Traditional forestry revolves around the cultiva-
tion of woody species for obtaining wood products. It includes vegetation, soil and 
people management as the total resources which jointly have to achieve multiple 
objectives. The key to responsible management of forest ecosystems is twofold and 
it includes an understanding of how forest ecosystems function, and secondly, that 
the understanding and knowledge be successfully used to meet social needs without 
or with minimal impact to the environment (Šijačić-Nikolić et al. 2014).

Models used in forestry can be grouped into several types based on the process 
which they try to simulate. The first and most common are models of growth and 
yield of timber that predict increment during a certain period. Initially, these models 
were focused on trees of individual species which are of same age and are located 
within nurseries. As the application of modeling became more sophisticated, differ-
ent models had started to include the mixing of tree species and trees of different 
ages into assessments growth and yield.

As importance of forests and their environmental values, which are beyond the 
timber production, started to become more apparent the focus of research shifted, 
and further efforts were made towards modeling these “new” processes. Management 
of the forest ecosystems needed to recognize other values that forests carry, such as: 
that forests are a habitat of wild animals; that they provide boundless opportunities 
for recreation; that they have the function of holding and purification of water; and 
that these are only some of the benefits from forests aside from the classical timber 
production.

In forest management, it is important to anticipate the effects of the implementa-
tion of various alternatives. Although there is a vast scientific knowledge about the 
relationship between the existing form of forest structure and characteristics of the 
ecosystem, relevant information which should be derived from this is often difficult 
to interpret and apply. In order to use models that incorporate best available knowl-
edge, it is necessary to incorporate the best available knowledge on the biological 
systems that is accessible, and that the results are presented in a usable way. The 
development, evaluation and adaptation of new decision-making processes and their 
supporting modern software, based on adequate models is a very important endeavor 
in forest management.

Based on the approach which models use to describe and simulate different pro-
cesses they can be differentiated between empirical and mechanistic models. While 
empirical models are more rooted in statistics since they base their projections on a 
large sample of observed datasets, mechanistic model aim to imitate natural pro-
cesses through the use of different equations.

Today models in forestry are used for different purposes which include growth 
and yield predictions, forest regeneration, tree mortality, habitat modeling, harvest 
planning as well as carbon dynamics and sequestration.

One of the models which has been used in various number of published studies 
to estimate carbon sequestration is CO2FIX model (Schelhaas et al. 2004; Masera 
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et al. 2003) developed within the CASFOR I and CASFOR II (“Carbon sequestra-
tion in afforestation and sustainable forest management”) projects. This model can 
be used for temporal analysis of forest carbon cycle and also for carbon calculation 
related to projects aimed at climate change mitigation within forestry sector, such as 
CDM A/R (Clean Development Mechanism Afforestation and Reforestation) or 
REDD (Reducing Emissions from Deforestation and Forest Degradation) projects.

The latest version of this program CO2FIX 3.2 conducts simulations at ecosystem 
level in order to quantify carbon reserves and fluxes in forests by calculating the 
change in all relevant spheres and stocks. The model is divided in six modules, four of 
them are designed to follow the flow of carbon to and from forest ecosystems and 
include: Biomass module, Litter module, Forest products module and Bioenergy 
module. The remaining two modules are for additional options related to carbon credit 
calculation (Carbon credits calculation module) and finance (Financial module).

Stocks and flows of carbon within the living forest biomass (both above and 
below ground) are estimated by separation on specific cohorts (Reed 1980). Cohort 
consists of trees of same or similar species and age which have similar characteris-
tics so they can be treated as a same entity for the process of modeling. Carbon 
stored in a forest ecosystem can then be calculated as the sum of carbon stored 
within the biomass of each cohort. Changes in biomass that influence the carbon 
content during one-time step (one year) are balance of the original biomass from 
previous time step, increases due to biomass growth and reductions due to turnover 
of branches, foliage and roots, tree mortality related to senescence, harvest and log-
ging associated mortality.

CO2FIX model differentiates four types of tree biomass which include stem, 
foliage, branches and roots. Biomass growth is simulated from growth rate of stem 
volume (gross annual increment) which can be obtained from yield tables for differ-
ent tree species. Based on the growth rate of tree volume and allocation coefficients 
other biomass compartments growth (branches, foliage and roots) is then calculated 
(Nabuurs and Mohren 1993).

Tree mortality due to senescence can be modeled in two ways in CO2FIX, as a 
function of tree age or as a function of relative biomass (current biomass related to 
the maximal biomass). Besides tree mortality, in order to precisely asses the carbon 
cycle dynamics it is important to model the annual turnover of foliage, branches and 
roots. Turnover of biomass from these compartments influences the carbon content 
in forest litter and soil. Biomass turnover is calculated by multiplying the current 
biomass content in one compartment and turnover constant which has values 
between 0 and 1 depending on the particular compartment and tree species 
(Schelhaas et al. 2004).

If the modeled forest ecosystem is managed it is very likely that tree biomass will 
be removed from it through some form of thinning and logging. Biomass harvested 
in this way is always subtracted from the total biomass and is then analyzed within 
Forest products module and Litter module depending on its type and usage. Forest 
logging can lead to higher tree mortality of remaining trees due to damages that they 
suffer during the logging process (Pinard and Putz 1997). The extent of this effect 
depends on the tree species, type of logging and type of used equipment.
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Modeling of litter and soil carbon in CO2FIX is based on Yasso model (Liski 
et  al. 2005), which consists of 3 sub-modules for litter and 5 sub-modules for 
decomposition. Litter is divided in non-woody litter (foliage and fine roots), fine 
woody litter (branches and coarse roots) and coarse woody litter (stems and stumps). 
Each of these sub-modules has a specific rate of decay which determines the amount 
of degradation during one-time step. During the decomposition process carbon 
within biomass in these sub-models is partially lost form the system, mostly as CO2 
to the atmosphere, and also transferred to decomposition sub-modules which 
include extractives, cellulose, lignin compound, humus 1 and humus 2 sub- modules. 
Modeling of biomass decomposition within forest litter is influenced by tempera-
ture and humidity, which is why it is important to have relevant meteorological data.

Calculation of carbon credits is based on CDM A/R methodology introduced at 
the CoP9  in 2003 which establishes two types of certified emissions reductions 
(CER), these are temporary tCER and long-term lCER. One CER is equal to 1 ton 
of CO2 equivalent. Difference between tCER and lCER is in their duration. tCER 
lasts till the end of the following commitment period, while a lCER will last till the 
end of the whole CDM project for which it has been issued.

Forest carbon cycle dynamics modeling based on CO2FIX model was used in 
the research for several case studies in regularly managed forest units in Serbia with 
different dominant species such as European black pine, beech and Norway spruce 
(Radojević et al. 2012; Zlatar et al. 2014).

16.2.1  Case Study of Carbon Dynamics Modeling in CO2FIX

The methodology of modeling forest carbon dynamics with the use of CO2FIX 
model will be shown for the forestry unit Dajićke Mountains. It is located in Serbia 
between eastern longitude of 17°54′ and 18°00′ and northern latitude of 43°23′ and 
43° 29′. This is a managed forested area with a total area of 2873.93 ha. Most of the 
area is covered by forest ecosystems while a smaller area is characterized by grass-
lands. Most of the area is mountainous, located between 800 and 1200 m above sea 
level. Soils within this area are mostly shallow and very susceptible to erosion. 
Climate characteristics of the area are continental with shorter summer and cold and 
long winters. Average monthly temperatures and rainfall are shown in Table 16.1, 
this data was used for inputs of CO2FIX model.

Table 16.1 Climate characteristics of the Dajićke Mountains forestry management unit

Months I II III IV V VI VII VIII IX X XI XII

Average monthly 
temperature (°C)

−3.6 −2.3 1.8 7.0 11.7 15.2 17.7 17.4 14.2 8.5 3.9 −1.7

Average monthly 
rainfall (mm)

47 56 57 63 93 110 80 90 61 91 79 65
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In this forestry management unit, the most widespread tree species are beech 
(Fagus moesiaca), which accounts for 48.6% (439,562 m3) of total volume in the 
forestry management unit, followed by spruce (Picea excelsa), which participates in 
the total volume with 44.9% (406,288.5 m3). Because of their overwhelming pres-
ence within the forest ecosystem these two species were modeled in CO2FIX. In 
both cases the modeling was done with a single cohort, even-aged forests with the 
start of the simulation being their planting time. CO2FIX requires a variety of bio-
mass parameters which are necessary for the calculation of its growth, the most 
important being current annual increment (CAI) which was taken from yield tables 
for trees at this location (*** 2011; Simeunović 1957). CO2FIX converts the values 
of stemwood volume to biomass and carbon using wood density and carbon content 
coefficients. Wood densities were derived from CO2FIX manual (Nabuurs et  al. 
2002) and carbon content for all biomass was assumed to be 50%. Allocation coef-
ficients which are necessary for the growth of different biomass compartments 
which include foliage, branches and root were obtained by using different biomass 
equations (Simeunović 1957; Ter-Mikaelian and Korzukhin 1997). Rotation and 
thinning regimes were obtained from the current management plan for this forestry 
unit (*** 2011), for beech the rotation is 100 years while spruce has a slightly 
shorter rotation of 80 years. Initial soil carbon stocks were calculated and added to 
the soil module on the basis of preparatory simulations, which were done to 
 determine the mean annual carbon input to forest soil with each rotation length. 
Climate parameters where obtained from the yearly report of the Republic 
Hydrometeorological Service of Serbia (*** 2015). Apart from current climate data 
we also used predicted changes due to climate change to calculate the climate input 
data for the CO2FIX model. Predictions for this location which were used estimate 
an increase of temperature around +4.5 °C and a decrease in precipitation by 10%, 
this is based on IPCC highest emission scenario (IPCC 2013). Comparison of cal-
culated climate input data between current climate and predicted climate changes is 
given in Table 16.2.

The total length of the simulation was set at 200 years. Modules for wood prod-
ucts and bioenergy were not used because there is no reliable data on the lifecycles 
of different wood products.

Results show that there are no changes in biomass growth with different climate 
inputs. This is to be expected since CO2FIX model is setup in such a way that cli-
mate data primarily influence processes of organic matter decomposition in soil. 
Changes in climate parameters would obviously affect the growth of biomass, 

Table 16.2 Climate input data for CO2FIX model

Current climate Climate change

Degree days above zero (°C) 2542,8 3366,3
Potential evapotranspiration in growing season (mm) 431,372 525,807
Precipitation in growing season (mm) 497 447

16 Linking Ecosystem Variability and Carbon Sequestration: Estimation…



272

 however in CO2FIX these influences could only be detected and modeled if differ-
ent CAI and yield tables are used. All biomass growth that is simulated in the model 
is dependent on these two parameters which already encompass within them how 
the climate has affected the growth of biomass. In order to include the effects of 
different climate conditions within the model it would be necessary to measure tree 
growth and CAI of specimens from same species (which are possibly planted from 
same seed source and have similar genetic characteristics) which have grown in dif-
ferent climate conditions.

Slight changes in soil carbon were detected with the change of climate inputs 
which reflect different conditions due to climate change. With the increase of tem-
perature and the reduction of rainfall the average amount of carbon stored in forest 
soil for the duration of the simulation has increased by almost 1 Mg C/ha for spruce 
and by 1.6 Mg C/ha for beech. If just temperature input was increased by 4.5 °C 
there was a slight decrease in soil carbon, 0.08 Mg C/ha for spruce and 0.12 Mg C/
ha for beech. On the other hand, reducing the amount of precipitation in the growing 
season by 10% and using the current temperature has resulted in the highest soil 
carbon content. Average increase in soil carbon for this case was slightly over 1 Mg 
C/ha for spruce and 1.8 MgC/ha for beech. Reduction of rainfall by 10% has pro-
duced a greater impact on carbon soil then an increase of temperature by 4.5 °C. In 
the case of just reduced rainfall we can expect a decrease in soil organic matter 
decomposition since less water is available. Higher temperatures speed up decom-
position and mineralization of soil organic matter which caused more carbon to be 
released from forest soil and led to lowest soil carbon content associated with the 
scenario in which just the temperature was changed.

16.3  Modeling Carbon Sequestration in Perennial Grass 
Species

Modeling biomass of perennial grass species has so far mostly been done in two 
ways which use different methodological approaches. The first method involves 
making a descriptive model, while the second is based on the development of mech-
anistic models. Descriptive, statistical, regression or empirical models, as they are 
often called, are based on the application of statistical and correlation method based 
on known data obtained by measurements. Consequently, these models often have a 
short duration of the simulation, a smaller number of variables and their parameters 
are easier to assess. Although their prediction accuracy can be very high, consider-
ing that they include both known and unknown effects on the growth of biomass, 
descriptive models have significant limitations. Extrapolation of these models to 
other locations and/or species is generally impossible, because they primarily rely 
on empirical data. In addition, input of new variables means re-creating models 
from scratch based on a wider set of input data. To calculate the biomass in these 
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models different functions are used to connect biomass yield with environmental 
factors.

Mechanistic models are models that are based on the “imitation” of different, 
especially physiological, processes. To create such a model, instead of large amounts 
of data obtained by observation (as is the case with descriptive models), knowledge 
about specific processes is used in order to try to represent a certain process with a 
mathematical function. Mechanistic models are usually consisting of several 
 sub- models, which are at least one hierarchical level below the parameter model 
should provide. For example, when it comes to biomass yield, sub-models can 
describe the process of photosynthesis and the increase of leaf surface. It is impor-
tant to emphasize that it is not possible to transfer all of the physiological, cellular 
and other processes that are now known to one model, because this would require a 
lot of time, and the question is whether such a model could be successfully applied 
(Marcelis et al. 1998). For this reason, it is always important to select key necessary 
processes, such as photosynthesis, respiration, growth, leaves, absorption of CO2, 
water and other nutrients, which will be represented in one of the sub-models of the 
mechanistic model.

There are already several models which have been developed during the past 
years which can be used to calculate biomass growth of perennial grass species. 
EPIC – Erosion Productivity Impact Calculator (Williams et al. 1984) is a model 
that was originally developed to determine the relation between erosion and land 
productivity in the United States. Since then, its use has been expanded allowing it 
become a generalized model for crops that simulates the daily crop growth. 
Prediction of biomass growth is based on the simulation of carbon fixation through 
photosynthesis and respiration. EPIC is a comprehensive model that can be used 
both for grass and woody species. In addition, it is able to simulate a large number 
of ecosystem processes, such as plant growth, yield, balance of water and nutrients, 
as well as soil erosion.

ALMANAC Model  – Agricultural Land Management Alternatives with 
Numerical Assessment Criteria (Kiniry et al. 1992) has emerged as a model that 
simulates the competition of crops and weeds for different plant species and differ-
ent locations. Based on the way this model is set, it is quite similar to the EPIC 
model. The ecological processes which are included in this model are crop growth, 
absorption of solar radiation by the leaves of the plant, production of dry matter, 
allocation of biomass growth between plant organs and the balance of water in the 
soil.

Both EPIC and ALMANAC models offer great flexibility and are currently, with 
certain modifications, used for the simulation of growth and development of over a 
hundred different plant species, which include all the major agricultural crops, 
grasses, legumes, as well as agro-energy crops such as Miscanthus. Although these 
species are not capable of sequestering a large quantity of carbon in their biomass 
for a longer period of time like woody species, they can transfer significant  quantities 
of carbon to soil through litter, harvest residues and roots. This is especially the case 
for fast growing energy crops like Miscanthus. Miscanthus×giganteus Greef et Deu 
is an attractive agro-energy crop suitable for short rotation plantation establishment 
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and it is assumed as CO2 neutral with underground organs which retain CO2. 
Currently estimates of carbon sequestration in soil under these crops range from 0.6 
to 3.0 Mg C ha−1 year−1 (Lemus and Lal 2005; Sartori et al. 2007). Application of 
biomass modeling for Miscanthus species as a bioenergy crop has been done by few 
specific models which have been applied for this purpose with greater or lesser suc-
cess rate. Interest in this species is not surprising considering its favorable physio-
logical characteristics (Babović et al. 2012), and the possibility of its cultivation on 
degraded land. Models vary in terms of complexity, in their approach to modeling 
plant growth and other ecological and eco-physiological processes. Most models 
have a time step of one day, while some models perform simulations on the level of 
hours or less for specific processes.

MISCANMOD is a model that originated in Ireland as a result of several years 
of monitoring the growth of Miscanthus on multiple locations throughout Europe, 
and is based on the principles established by the Monteith (1977). Calculation of 
biomass growth in this model is based on its dependency on air temperature and 
solar radiation, provided that water is not a limiting factor. The growth begins in the 
spring when the air temperature rises above 10 °C, while length of frost-free period 
is used to calculate the sum of active temperature. Validation of this model was done 
by comparing the calculated and actual yield on 15 locations throughout the Europe, 
which were observed to be closely related (Clifton-Brown et al. 2004). By upgrad-
ing this model MISCANFOR model was created. This newer version represents the 
FORTRAN version of MISCANMOD model with additional functions for specific 
plant growth depending on the genotype, the efficiency of utilization of solar radia-
tion depending on temperature, mortality due to drought or frost, moisture content 
at the time of harvest and transport of nutrients into rhizome. In addition, processes 
of absorption of solar radiation and the physiological effects of temperature and 
lack of water were improved. By comparing the simulated results of both models 
with experimental data, it was observed that MISCANFOR can predict the yields of 
biomass with even greater precision.

Miguez et  al. (2009) applied the mechanistic eco-physiological model 
WIMOVAC – Windows Intuitive Model of Vegetation response to Atmosphere and 
Climate Change, which is specially adapted to the modeling of biomass for 
Miscanthus species. WIMOVAC is a software package for the Windows platform, 
which allows the modeling of various aspects of photosynthesis of plants with spe-
cial emphasis on the effects of climate change. Model enables the control and simu-
lation of photosynthesis through the Windows user interface and automatically 
gives the results formatted as a table or a flexible graph, which is significantly easier 
to use and provides opportunities for use not only in science but also in practical and 
educational purposes. This model was applied in the mentioned study for several 
locations in Europe. The results show that the model predicts a good assimilation of 
CO2 and growth patterns of biomass with a slight tendency to have higher values 
than actual measurements obtained in the field. The authors suggest that further 
parameterized models, particularly in relation to leaf area index, can achieve more 
precise results. These results provide a framework for predicting the growth of 
Miscanthus in conditions that are not its natural habitat and allow assessment of the 
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impact of climate change, which is of great importance for the commencement of 
the process of commercial cultivation of this species in order to produce biofuels. In 
addition, it is important to emphasize that the program WIMOVAC can be adapted 
for other agro-energy crops as well.

16.4  Conclusions

Application and testing of soil carbon models typically require information about 
the amount and quality of litter input to the soil, the amount of carbon in different 
soils, environmental factors (like climate) and the changes in the amount of soil 
carbon over time. Although models need to be validated, their application provides 
quite a few benefits, especially since many countries have comprehensive and rep-
resentative national forest inventories which can be used as input data for biomass 
turnover. It is well known that environmental factors like temperature and humidity 
influence the forest soil microbial activity and in turn the forest soil carbon cycle. 
However, other factors, like forest management, can also have a significant impact 
on forest soil carbon cycle. To determine the extent of these types of impacts on 
microbial activity and associated forest soil carbon cycle an application of different 
types of models in combination with measurements and laboratory analysis can be 
used.
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Chapter 17
Bioactive Peptaibols of Forest-Derived 
Trichoderma Isolates from Section 
Longibrachiatum

Tamás Marik, András Szekeres, Maria A. Andersson,  
Mirja Salkinoja- Salonen, Chetna Tyagi, Balázs Leitgeb,  
Csaba Vágvölgyi, Irina S. Druzhinina, and László Kredics

Abstract Filamentous fungi are producers of a large number of secondary metabo-
lites with wide spectra of biological effects. Among them, peptaibols represent a 
group of compounds produced mainly by members of the mycotrophic filamentous 
fungal genus Trichoderma. A simple peptaibol characterization strategy including 
purification and structural elucidation steps was applied to examine the peptaibol 
production of three strains from the Longibrachiatum section of genus Trichoderma, 
T. aethiopicum TUCIM 1817, T. novae-zelandiae TUCIM 4158 and T. pseudokon-
ingii TUCIM 1277, all deriving from natural forest habitats (disturbed semiforest, 
native Notophagus forest and the bark of Beilschmiedia tawa, respectively). After 
the solid phase clean-up of culture extracts, mass spectrometric analysis of peptai-
bols produced by the examined strains was performed by on-line reversed-phase 
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high performance liquid chromatography coupled to electrospray ionization ion 
trap mass spectrometry. All three examined species produced 20-residue 
trichobrachin- like compounds, some of which are known from the literature, while 
others proved to be different from any peptaibols reported so far. The spectra of the 
peptaibols produced by these isolates were entirely different from each other. The 
largest amount of peptaibols consisting of four yet unknown compounds was pro-
duced by T. pseudokoningii TUCIM 1277, while ten and eight new, trichobrachin- 
like compounds were detected from T. aethiopicum TUCIM 1817 and T. 
novae-zelandiae TUCIM 4158, respectively. Feline fetal lung cell proliferation inhi-
bition tests and membrane damage bio-assay with boar sperm cells revealed that 
although T. novae-zelandiae TUCIM 4158 produced the least amount of peptaibols, 
its compounds were the most inhibitory to mammalian cells.

Keywords Electrospray ionization ion trap mass-spectrometry (ESI-IT-MS) • 
Forest-derived fungi • Mammalian cell toxicity • Peptaibol • Reversed-phase high 
performance liquid chromatography (HPLC) • Section Longibrachiatum • Sperm 
motility inhibition • Trichobrachin • Trichoderma • Trichoderma aethiopicum • 
Trichoderma novae-zelandiae • Trichoderma pseudokoningii

17.1  Introduction

The Longibrachiatum section – one of the evolutionarily youngest clades within the 
filamentous fungal genus Trichoderma, belonging to the Hypocreales order of 
Ascomycota – includes T. reesei, the most extensively studied Trichoderma species 
known for its applicability in the food and feed industries, textile manufacturing and 
biofuel technology due to its production of cellulolytic and hemicellulolytic enzymes 
(Harman and Kubicek 1998; Kubicek et al. 2009). Other representatives of the section 
were studied as producers of numerous secondary metabolites including antibiotics 
and extracellular enzymes, as plant growth promoters, as degraders of xenobiotics and 
as commercial biofungicides (Sivasithamparam and Ghisalberti 1998). On the other 
hand, certain species of the section like T. longibrachiatum, T. orientale (formerly 
known as Hypocrea orientalis) and T. citrinoviride are opportunistic pathogens of 
mainly immunocompromised humans (Kredics et  al. 2003; Hatvani et  al. 2013). 
Moreover, T. citrinoviride and T. longibrachiatum are frequently isolated as indoor 
molds with high allergenic potential to humans (Thrane et al. 2001). The significance 
of other members of the section – like T. aethiopicum (Samuels et al. 2012) or T. 
novae-zelandiae (Samuels et al. 1998) has not yet been studied in detail.

Peptaibiotics are secondary metabolites belonging to the family of fungal peptide 
antibiotics which are mostly produced by Trichoderma. They are amphipathic, linear 
oligopeptides with special features: the N-terminal amino-acids of the peptides are 
usually acetylated or rarely acylated; the C-terminals of the sequences contain an 
amino alcohol, mostly phenylalaninol, or in certain cases valinol, leucinol, isoleucinol 
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or tryptophanol is linked by a peptide bond at the C-terminal end (Szekeres et al. 
2005). The inner sequences always contain special residues like isovaline (Iva) and 
α-aminoisobutyric acid (Aib), which are α,α-dialkylated amino acids occurring in 
high proportions and representing characteristic building blocks of the structure.

In our recent work, three species selected from the Longibrachiatum section of 
the genus Trichoderma were investigated for the production of peptaibols and 
screened for their bioactivities by studying the motility inhibition and membrane 
integrity disruption in boar sperm bioassays, and the inhibition of proliferation in 
the case of feline fetal lung cells. Several studies applied these tests for screening 
bioactive secondary metabolites, e.g. Bipolaris oryzae, the causal agent of the 
brown spot disease in rice produces substances – identified later as ophiobolins – 
that can inhibit these cells in bioassays (Bencsik et al. 2014).

17.2  Materials and Methods

17.2.1  Strains, Culture Conditions and Extraction Procedures

Strains T. aethiopicum TUCIM 1817 isolated from a disturbed semiforest, T. novae- 
zelandiae TUCIM 4158 from a native Notophagus forest and T. pseudokoningii 
TUCIM 1277 from the bark of Beilschmiedia tawa derived from the TU Collection 
of Industrially Important Microorganisms (Vienna University of Technology, 
Austria) and were cultivated on malt extract agar medium (MEA: 30 g l-1 malt- 
extract, 5 g l-1 soy peptone, 15 g l-1 agar in distilled water) for 7 days at 25 °C. After 
the cultivation period, the biomass of each strain was harvested from a full Petri 
plate and the produced peptaibols were extracted by chloroform. After evaporation, 
the extracts were diluted in 200 μl MeOH. These samples were used for the identi-
fication of peptaibols and for the bioassays. Results are given for the concentration 
of the toxic compounds from the extraction of the biomass of 1 Petri plate.

17.2.2  Analytical Procedures

The crude extracts were investigated by on-line reversed-phase high performance 
liquid chromatography (HPLC) coupled to electrospray ionization ion trap mass 
spectrometry (ESI-IT-MS) (Marik et al. 2013). Separations were performed by an 
Agilent 1100 modular HPLC system (Agilent, USA) consisting of a degasser 
(G1379A), a binary pump (G1376A), a micro-well plate autosampler (G1229A), 
and using a Phenomenex Gemini NX-C18 (Gen-Lab Ltd., Hungary) 
(150 mm × 2.0 mm, 3 μm) HPLC column with mobile phase at a flow rate of 0.2  ml/
min. The solvent A was water with 0.05% (v/v) trifluoroacetic acid (TFA), while 
solvent B was MeCN/MeOH 1/1 (v/v) with 0.05% (v/v) TFA.  The column 
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temperature was maintained at 40 °C using a Jones Model 7990 Space Column 
Heater (Jones Chromatography Ltd., UK). The gradient elution started with 65% B 
held for 5 min and increased linearly to 80% B at 45 min, and then to 100% B at 70 
min, which was decreased to the initial percentage until the pressure stabilized. The 
injection volume was 5 μl. The mass spectrometric examinations were made with a 
Varian 500MS Ion Trap mass spectrometer (Agilent, USA) equipped with an 
atmospheric- pressure ESI source operated in positive mode at normal scan speed. 
The ESI spray chamber temperature and drying gas (N2) pressure/temperature were 
50 °C and 30 psi/350 °C, respectively. The nebulizer gas (N2) pressure, the needle 
voltage and the spray shield voltage were 50 psi, 5704 V and 600 V, respectively. 
The general parameters were the following: maximum scan times – 2.78; μScans 
averaged – 2 μScans; data rate – 0.36 Hz; multiplier offset – 0. Ionization control 
parameters were: target TIC – 100%; max ion time – 250000 μsec. Full scan mea-
surements were carried out within the mass range of m/z 100 – 2000, with 66 V 
capillary voltage and 147% RF loading. Chemstation B.02.01 software and MS 
Workstation 6.6 software were applied to control the instruments and to collect and 
analyze the results. For the de novo sequencing of the C-terminal part of peptaibols, 
the y ions were used as precursor ions in the MS2 measurements, which were origi-
nated from the split of the labile Aib-Pro bond in MS1 mode. The nomenclature for 
fragment ions observed on the MS1 and MS2 spectra followed the terminology pub-
lished by Roepstorff and Fohlman (1984) as well as by Biemann (1990).

17.2.3  Mammalian Somatic Cell Toxicity Assays

Feline fetal lung cells were pre-cultivated in RPMI 1640 medium (BioWhittaker) 
supplemented with L-glutamine at 37 °C in an atmosphere of 95% air and 5% CO2 
in a cell culture cabinet (Heracell 150i; Thermo Fisher Scientific, Vantaa, Finland). 
The bioassays were carried out in 96 well microtiter plates with the separated and 
detached cells. Initially, the first columns were filled with 180 μl from the media and 
the other wells were filled with 100 μl of media. Into the first column, 20 μl of the 
samples were added, mixed and then in a half dilution 100 μl amounts were pipetted 
to the next columns. Next, 100 μl of the media containing 5000–10000 lung cells 
were added to each microplate well except from the control positions which con-
tained only the media without cells. After 2 days of incubation at 37 °C, 10 μl resa-
zurin (Sigma Chemical Co., St. Louis, MO, USA) (400 μg ml-1 in normal saline) 
was added to each well and incubated by shaking for 2 hours under the same condi-
tions. After incubation, the plates were investigated by a microtiter plate reader 
(Fluoroskan Ascent, Thermo Scientific, Vantaa, Finland) at the excitation wave-
length of 544 nm and the emission wavelength of 590 nm. The endpoints of toxicity 
were specified by the differences from the OD of the control wells that means the 
living cells were less than 50%. Typically, peptaibols have very sharp endpoints 
between two dilution steps. After 2 more days of incubation, the NADH+ production 
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of the living cells causes a color changing to red for visible examination. Purified 
ophiobolins were used as references for our peptaibol inhibitions in the bioassays.

17.2.4  Sperm Motility Inhibition Assay

For the sperm motility bioassays, boar semen was obtained from Figen Oy Finland 
and extended in MR-A (Kubus, S.A., Madrid, Spain) containing 27 × 106 spermato-
zoa ml−1. Four different amounts, 10 μl, 5 μl, 2 μl and 1 μl of the samples were 
added to 2 ml of 100× diluted MR-A boar semen stock solution, while 20 μl metha-
nol was added to the blank assay. At room temperature two different incubation 
times, 30 min and 24 hours were used for the short and long term bio-assays, respec-
tively. After the incubation, optimal conditions (shaking at 37 °C with providing 
oxygen) were ensured for 5 minutes to the sperm cells as a pre-incubation step 
before the examination of their motility. For the detection of the living, motile sperm 
cells, a phase contrast microscope (Olympus CKX31 with Software CellSens stan-
dard version 11.0.06, Olympus Soft Imaging Solution GmbH, Münster, Germany, 
2009–2012) was used to check the tail beating of the sperm cells proving that they 
are alive. A living normal cell seems as if it has two tails by looking at the pictures 
of the microscope and the frequency of these “two-tailed” cells were compared to 
the blank samples in order to define the effect of the peptaibol samples.

17.2.5  Sperm Membrane Integrity Disruption Assay

Disruption of the cell membrane integrity of motile sperm cells was assayed by stain-
ing with propidium iodide (PI) (Molecular Probes, Eugene, OR, USA) in sperm cells 
induced by shaking to swim at 37 °C as described by Bencsik et al. (2014) with minor 
modifications. The test was performed as follows: 50 μl aliquots of Dulbecco’s phos-
phate buffered saline were pipetted into 96 wells of a microtiter plate. Fifty μl of the 
test suspension (methanol extracts) was added to the first vertical row of the wells and 
serially diluted (twofold steps) until the 11th row of wells. The wells of the 12th row 
representing reagent blank were filled with 200 μl Dulbecco’s phosphate buffered 
saline. One hundred and fifty μl aliquots of commercially extended boar semen (27 × 
106 sperms ml−1) were pipetted into the microtiter plate wells and pre- incubated for 2 
h on an orbital shaker (Innova 5000, New Brunswick Scientific, Enfield, CT, USA) at 
160 rpm and 37 °C. Three parallel dilutions were performed for each sample. After 
incubation, PI solution (stock solution stored as frozen 1 mg ml−1 in Dulbecco’s phos-
phate buffered saline) was diluted to a concentration of 10 μg ml-1. One hundred μl of 
this stain mixture was added to the exposed boar semen. This suspension was incu-
bated at 37 °C in darkness for 15 min and measured with a Fluoroskan Ascent micro-
plate reader (Thermo Scientific, Vantaa, Finland) at excitation and emission 
wavelengths of 544 nm and 590–600 nm, respectively. During the observation of 
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plasma membrane damage by staining with PI, the positive control was frozen-
thawed semen (for mortality of 100%) representing the maximal fluorescence emit-
ted by the cells permeable to PI. Dulbecco’s phosphate buffered saline was used as 
the background control (blank). The frozen semen was represented by the wells in the 
last horizontal row. Loss of viability in the sample was calculated as described by 
Alm et al. (2001). The frozen sample represented 100% loss of viability. The assay 
was calibrated with triclosan (Sigma Chemical Co., St. Louis, MO, USA) in 5 paral-
lel tests, the EC50 was 2 μg ml−1 (SD ± 0.6). The possible autofluorescence of the 
tested petaibols was measured against alamethicin (50 μl of alamethicin in 150 μl of 
PBS) The cell membrane permeability assay on static sperm cells at room tempera-
ture was performed by viability staining with PI and calcein-AM (Molecular Probes, 
Eugene, OR, USA) as described by Hoornstra et al. (2003).

17.3  Results and Discussion

17.3.1  Peptaibols Detected in Trichoderma Isolates 
from Section Longibrachiatum

Different peptaibols belonging to the long-sequence group of trichobrachins were 
produced by T. aethiopicum, T. pseudokoningii and T. novae-zelandiae (Table 17.1). 
Nomenclature of the compounds were generated from 3 parts: i) the first number is 
the molecular mass of the compound, ii) the second alphabetic character refers to 
the variety of the y-part, and iii) the third number refers to the elution order of the 
compounds. Most of the molecules were produced only by single strains, although 
one sequence, Pept-1936-a-1 was present in the peptaibol extracts of all three 
strains. The strains T. pseudokoningii TUCIM 1277 and T. novae-zelandiae TUCIM 
4158 showed higher similarity in terms of their peptaibol profiles. Three blocks of 
the peptaibol sequences proved to be conserved. One of the conserved parts is the 
R14-R20 region, which could be recorded on the MS spectra as the y-ion, where the 
compounds showed almost exact match with each other. The difference appeared 
only in the 17th amino acid residue, except from the sequences of Pept-1937-b-1, 
Pept-1951-b-1, Pept-1951-b-2, Pept-1966-d-1 and Pept-1966-d-2 where Glu was 
observed instead of Gln in position R19, indicated with the distinguishing marks (a, 
b, c and d) in their names. The first four amino acid residues (R1-R4) at the N ter-
minal region showed also strong homology containing alternated Aib and Ala resi-
dues, which is also characteristic to the previously described peptaibols produced 
by members of section Longibrachiatum. In the spectra of T. aethiopicum TUCIM 
1817 the 3rd residue (R3) was observed as Vxx instead of Aib in the sequences of 
Pept-1936-a-2, Pept-1950-a-3, Pept-1965-a-1, Pept-1965-a-2, Pept-1978-c-1, Pept- 
1978- c-2, Pept-1978-c-3 and Pept-1978-c-4. Furthermore, in the R7-R8 positions a 
very stable Gln-Aib bond was always observed. The sequences starting from the R5 
residue to the labile Aib-Pro motif (R13-R14) were highly variable and showed 
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remarkable differences. The produced peptaibols can be divided into four groups 
based on their molecular masses (1936, 1950, 1965 and 1978 Da). The 1978 Da 
peptaibols were produced only by T. aethiopicum TUCIM 1817 and attached to the 
c type (m/z 788) y-ion part, while the 1937, 1950 and 1965 Da peptaibols were pro-
duced by all of the three strains and attached to any of the four types of the y-ions, 
where the differences were in the R17 position with an Aib to Vxx (valine/isovaline) 
change, or in the R19 position with a Gln to Glu change.

Seventeen detected compounds showed sequences corresponding with known 
peptaibols, while the remaining 22 compounds proved to be new sequences and 
showed high similarities to the sequences of the compounds described in the litera-
ture (Table 17.2). The same characteristic stable blocks of the sequences can also be 
nicely observed in the sequences. Trilongins (Mikkola et al. 2012) and longibra-
chins (Leclerc et al. 1998) are described as trichobrachins with high similarities to 
the new sequences presented in Table 17.1, as well as with suzukacillins (Krause 
et  al. 2006) or trichoaureocins (Brückner et  al. 2002). The Trichoderma citrino-
viride sequences (Maddau et al. 2009) are different from trichobrachins in the R12 
position with a change from Lxx to Ala or Vxx, respectively, which can be detected 
also in the case of Pept-1936-c-1, Pept-1936-c-2 and Pept-1922-a-1 compounds.

Table 17.1 Sequences and characteristic ions of the peptaibol compounds produced by forest- 
derived Trichoderma strains from section Longibrachiatum
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17.3.2  Mammalian Somatic Cell Toxicity Assays

During toxicity examinations of the peptaibol extracts, similar results were obtained 
in both the feline fetal lung cell proliferation inhibition test and the sperm mem-
brane integrity disruption assay, with the latter being more sensitive to peptaibols.

Peptaibols are capable of causing membrane damage by forming ion channels in 
lipid membranes (Szekeres et al. 2005). After the boar semen cell membrane dam-
age bioassay, the membrane damage was detected by staining the cells with 
propidium- iodide (PI) which is permeable through the cell membrane. The living 
cells with a healthy membrane are impermeable to the dye, while in the dead, 
membrane- damaged cells PI – when bound to nucleic acids – causes an emission 
wavelength color shift from green to red (Fig. 17.1A,1, A,2). After incubation, the 
fluorescence microscopic detection of the minimum quantity of the toxic peptaibol 
sample added to the sperm cell mixture (end-point) represented both alive and dead 

Fig. 17.1 Membrane damage in boar semen cells by crude peptaibol extracts from forest-derived 
Trichoderma strains of section Longibrachiatum. (A,1) living cells (green) after staining with 
propidium-iodide; (A,2) dead cells (red) after staining with propidium-iodide; (B,1) living cells 
(orange neck part) after staining with JC-1; (B,2) dead cells (green neck part) after staining with 
JC-1
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cells in the samples. The membrane damage of the mitochondria was also observed 
by using 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolyl-carbocyanine 
iodide (JC-1), which can exhibit the potential-dependent accumulation in the mito-
chondria by showing the emission color as orange (Fig. 17.1B,1, B,2). Therefore, in 
the samples of the end-points, the mitochondrial membrane was depolarized in the 
case of dead cells represented with green color.

The toxicity of extracts from T. aethiopicum TUCIM 1817 and T. pseudokoningii 
TUCIM 1277 occurred at the same dilution levels in both tests but the amount of the 
peptaibols produced was different. Furthermore, despite much lower peptaibol pro-
duction than for the other two isolates, strain T. novae-zelandiae TUCIM 4158 was 
more effective against mammalian cells in both tests (Table 17.3).

Based on our results we can presume that the peptaibol products of strain T. 
novae-zelandiae TUCIM 4158 possess higher toxicity towards the examined mam-
malian cells even at lower concentration than the compounds produced by the other 
two examined strains. Probably the presence of the Pept-1950-c-3 peptaibol com-
pound in T. novae-zelandiae TUCIM 4158 – which was the only compound not 
detected in the other strains and produced in the highest amount by T. novae- 
zelandiae – results in the higher toxicity towards mammalian cells.
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Chapter 18
Plant-Assisted Bioremediation: An Ecological 
Approach for Recovering Multi-contaminated 
Areas

Valeria Ancona, Paola Grenni, Anna Barra Caracciolo, Claudia Campanale, 
Martina Di Lenola, Ida Rascio, Vito Felice Uricchio, and Angelo Massacci

Abstract Plant-based clean up technologies are gaining popularity as a sustainable 
solution to contaminated soil remediation. In particular, plant-assisted bioremedia-
tion or phyto-assisted bioremediation exploits the synergistic action between plant 
root systems and natural microorganisms (bacteria and fungi) to remove, convert or 
contain toxic substances in soils, sediments or water. It can be applied successfully 
to contaminated areas. It relies on the use of a selected appropriate plant species for 
stimulating the biodegradation activity of natural soil microorganisms in the rhizo-
sphere (e.g. through root exudates production or oxygen transport). Plant species 
can also produce extracellular enzymes that directly transform contaminants and/or 
make them more bioavailable. Moreover, they can also phyto-contain them. In 
selecting the plant species, the specific contaminant/s to be removed, and the local 
geopedological and climatic conditions need to be considered. Beyond the contami-
nant removal, there are additional benefits such as soil quality improvement, soil 
carbon sequestration and biomass production for energy purposes. The difficulties 
in remediating areas characterized by multiple pollutant occurrence (e.g. organic 
and inorganic toxic compounds) make the study of plant-microbial interactions 
important if sustainable soil recovery strategies are to be achieved. Consequently, in 
recent years, several plant species have been tested for stimulating natural microbial 
communities and supporting the remediation of contaminated soils. Among these, 
the poplar tree can be considered suitable for plant-assisted bioremediation  purposes. 
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In this chapter an example of the methodological approach used for its application 
to an area multi-contaminated (by polychlorinated biphenyls and heavy metals) is 
illustrated.

Keywords Polychlorinated biphenyls (PCBs) • Heavy metals • Poplar

18.1  Introduction

Phytoremediation is an environmentally sustainable, solar-powered, and cost- 
effective technology which relies on the capability of plants to intercept, take up, 
accumulate, sequestrate, stabilize or translocate contaminants (Thijs et  al. 2016; 
Pilon-Smits 2005). In particular, plant-assisted bioremediation or phyto-assisted 
bioremediation is an in situ treatment of contaminated soils, based on the complex 
rhizosphere interactions between plant roots and naturally occurring microorgan-
isms (Wenzel 2009). Soil properties are modified by a range of processes occurring 
during plant growth, which in turn affect the rhizosphere microbiota. Roots release 
low-molecular-mass compounds (e.g. sugars, amino acids and organic acids), 
polymerized sugar, root border cells and dead root cap cells. These rhizodeposits are 
used as carbon sources by soil microorganisms and can also contain secondary 
metabolites, such as antimicrobial compounds, nematicides and flavonoids (Bais 
et al. 2006), which are involved in establishing symbiosis or in warding off patho-
gens and pests.

Soil pH, another important driver of microbial communities (Fierer and Jackson 
2006; Bru et al. 2011), can increase or decrease by up to two units in the rhizosphere 
owing to the ions release and uptake by roots (Hinsinger et al. 2009). Water uptake 
and root respiration affect soil oxygen pressure, thereby influencing microbial res-
piration. Finally, soil nutrient availability is modified in the rhizosphere by the plant 
uptake and by the secretion of chelators, such as phytosiderophores, to sequester 
metallic micronutrients (Tsednee et al. 2012; Philippot et al. 2013). In the rhizo-
sphere, contaminants can therefore change their bioavailability and/or be seques-
tered by root systems and partially transformed by extracellular enzymes. However, 
the complete degradation of organic contaminants can occur only if there are micro-
bial populations able to metabolize them through co-metabolic and metabolic path-
ways, until their mineralization.

Microbial metabolism is potentially capable of degrading several persistent 
organic pollutants, including polychlorinated biphenyls (PCBs) (Pieper and Seeger 
2008). Laboratory studies identified several bacterial strains able to aerobically 
transform lower chlorinated congeners of PCBs through metabolic and co- metabolic 
pathways and, anaerobically, highly chlorinated molecules by using them as electron 
acceptors (Furukawa 2000; Ohtsubo et  al. 2004; Pieper 2005; Field and Sierra- 
Alvarez 2008). The role of specific microbial species in promoting PCB de-haloge-
nation has been evaluated in several studies (Wiegel and Wu 2000; Zanaroli et al. 
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2012; Matturro et al. 2016). However, the complete degradative pathways and the 
environmental parameters involved in PCB transformation need to be better clarified 
(Sylvestre and Toussaint 2011). Consequently, the next major focus of research into 
PCBs aims at maximizing the potential of these natural degraders in order to acceler-
ate environmental degradation processes (Meggo and Schnoor 2013).

Plant-microorganism associations can improve PCB degradation in the rhizo-
sphere, thanks to synergic interactions between roots and soil microbial communi-
ties. Some root exudates may contain plant secondary metabolites, which can act as 
chemical signals promoting or inducing bacterial enzymes, involved in PCB degra-
dation (Sylvestre and Toussaint 2011; Toussaint et al. 2012; Meggo and Schnoor 
2013; Qin et al. 2014; Pham et al. 2015; Musilova et al. 2016). In return, degrading 
bacteria can produce plant growth stimulators or can suppress pathogens, through 
competition and antibiotic production.

A wide range of plants has been shown to enhance the dissipation of PCBs in 
soil, ranging from trees genera such as Populus and Salix to different forages, both 
grasses and legumes (Dzantor et al. 2000; Chekol et al. 2004; Xu et al. 2010; Ding 
et al. 2011). In particular poplar, owing to its fast growth rate and its deep and wide- 
spreading root system, which adds to its ability to grow in nutrient-poor soil and to 
resist high metal concentrations (Di Baccio et  al. 2003; Sebastiani et  al. 2004; 
Soudek et al. 2004; Baldantoni et al. 2011).

Poplar has been used successfully to stimulate the biodegradation of xenobiotic 
compounds in both field (Liu and Schnoor 2008; Zhai et al. 2011; Massacci et al. 
2012) and microcosm studies (Meggo and Schnoor 2013; Meggo et al. 2013). It was 
also effective in heavy metal phytoremediation experiments (Gamalero et al. 2012). 
However, only a few investigations with large-scale trials have been attempted and 
often they were not completed (Xu et al. 2010; Teng et al. 2010). No evidence of 
PCB degradation in the field has been found so far in historically and multi- 
contaminated soils, where PCB molecules are strongly bound to soil particles and 
therefore less available for biodegradation processes. Recently, Ancona et  al. 
(2017)  successfully carried out a plant-assisted bioremediation of a historically 
PCB and heavy metal-contaminated area in Southern Italy. To provide a case study 
example, their experimental design will be shown and discussed below.

18.2  Before Starting: Preparatory and Preliminary Steps

18.2.1  Characterization of the Contaminated Area

An initial and complete chemical and microbiological characterization of the pol-
luted area where the plant-assisted bioremediation strategy is to be carried out is 
required. Physico-chemical analyses include soil texture, pH, moisture, electrical 
conductivity and nutrients (such as organic carbon, nitrogen and available phospho-
rous content). At the same time there needs to be an evaluation of different 
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contaminants (e.g. PCBs and heavy metals) using analytical instruments (e.g. 
GC-MS for organic contaminants and ICP-MS for inorganic ones such as heavy 
metals) to assess if their concentrations exceed legal limits and to identify tolerant 
and suitable plant species for phytoremediation purposes.

Moreover, microbiological analyses for evaluating the structure (biodiversity) 
and activity of the soil autochthonous microbial community are very important. In 
fact, the presence of an abundant and varied natural microbial community is a pre-
requisite for an effective homeostatic response to the various chemicals that can 
contaminate an ecosystem (Artigas et al. 2012). The direct soil extraction and trans-
esterification of total ester-linked fatty acids (ELFAs) is a reliable method for micro-
bial profiling (Schutter and Dick 2000; Hinojosa et al. 2005, 2016; Laudicina et al. 
2012) and phenotypic fingerprinting of the main microbial groups (Gram-positive 
and Gram-negative bacteria, Fungi), occurring in soil.

A measurement of dehydrogenase activity can provide useful information on the 
status and functioning of a soil microbial community as it reflects the respiration 
rate, giving information on the active community portion (Barra Caracciolo et al. 
2015; Ancona et al. 2017). Moreover, the methods successfully used in these studies 
include those which adopt epifluorescence microscopy, such as the direct measure-
ment of total microbial abundance by DAPI counts (Barra Caracciolo et al. 2015), 
cell viability (% live cells/live + dead, Grenni et al. 2012) and the Fluorescence in 
situ Hybridization (FISH) technique, which makes it possible to determine the phy-
logenetic characterization of active Bacteria and Archaea populations (Barra 
Caracciolo et al. 2015). Moreover, it is also advisable to perform a complete model-
ling of ground- and surface-water, including any runoff and drainage of contami-
nants in the studied area.

18.2.2  Evaluation of Local Climatic Conditions and Plant 
Species Selection

Each phytoremediation strategy is site-dependent and has to be planned in detail, 
based on soil and climatic conditions, and on the type and history of the contamina-
tion event. The choice of the plant species and varieties is of crucial importance to 
optimize each remediation process. The search for a plant able to degrade/transform 
a specific contaminant is performed in appropriate databases available on line. As an 
example, the Italian Institute of Agro-environmental and Forest Biology (IBAF- 
CNR) has published a detailed online database (see http://www.ibaf.cnr.it/phytore-
mediation/fitorimedio.pdf). The results of several phytoremediation projects carried 
out in the USA have been included in the Guideline “Phytotechnology Technical 
and Regulatory Guidance and Decision Trees” – Interstate Technology & Regulatory 
Council (ITRC 2009), available online.

In the case of the historically contaminated area located in Southern Italy 
described herein, the Monviso poplar clone was selected for its ability to promote 
hexachlorocyclohexane degradation, tested in previous bioremediation studies 
(Massacci et al. 2012; Bianconi et al. 2010; Pietrini et al. 2010).
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18.3  Assessment of the Natural Bioremediation Capacity 
in Microcosm Experiments

Prior to the field phytoremediation application, the bioremediation capability of the 
autochthonous soil microbial community must be tested, using microcosm experi-
ments. Laboratory microcosms are ecosystem models in which a portion of the 
natural environment (soil or water) is circumscribed and then studied. They contain 
natural biotic communities which are maintained under controlled environmental 
conditions (e.g. temperature, light, humidity and so on) corresponding to natural 
ones. This approach makes it possible to firmly secure the causal relationship 
between a toxicant and its effects on the microbial communities and/or plant. The 
presence of a contaminant can act as a selective force, affecting the microbial com-
munity. Some populations, which are not capable of resisting its toxic effects, either 
die or enter a static metabolic phase, while others can evolve resistance mechanisms 
and utilize the excess chemical as an energy source or in their co-metabolism. In 
this case they can proliferate and become dominant members of the ecosystem 
(Barra Caracciolo et al. 2013). Consequently, the natural capability of organic pol-
lutant degradation by microbial community could be evaluated.

A set of experimental microcosms, using soil from the contaminated area, are 
performed for evaluating PCB degradation (Fig. 18.1). Half of the microcosms are 
planted with Populus cuttings. Other experimental conditions could be also simu-
lated, such as soil amended with compost in absence/presence of plants, in order to 
assess if an additional source of carbon can increase PCB degradation, and/or 
 pre- sterilized soil in order to underline the effectiveness of plants in degrading 
chemicals, without considering the microbial population.

For each condition (soil, soil + poplar, sterilized soil + poplar, soil + compost, 
soil + poplar + compost) at least three replicated microcosms are necessary. Aliquots 
of planted and unplanted soils are sampled at fixed times from the microcosms, for 
a chemical and microbiological evaluation of the decontamination process (PCB 
degradation and heavy metal decrease in the soil). Plant materials (roots, stems, 

Fig. 18.1 PCB contaminated soil planted with poplar and maintained in a greenhouse for 6 
months under different conditions
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leaves) are also sampled to identify any PCB and heavy metal bioaccumulation. The 
microcosms are maintained in a greenhouse for 6 months.

The chemical analysis of the contaminants, together with the evaluation of the 
microbial structure (diversity) and functioning, provide very useful information such as:

 1. the occurrence in soil of autochthonous microbial populations able to degrade 
the contaminants studied (natural bioremediation)

 2. a possible increase in the chemicals degradation in presence of the selected plant 
species (plant-assisted bioremediation)

 3. a further bio-stimulation of biodegradation, achieved adding external organic 
sources (i.e. compost) or nutrients (water, oxygen, etc.).

18.4  Field Scale Application

18.4.1  Experimental Design and Set Up of Planting Area

The remediation strategy start has to be planned based on the ecology (e.g. suitable 
season for plant growth) of the species selected and the local climatic conditions. In the 
case of a poplar-bioremediation strategy performed in Southern Italy (Ancona et al. 
2017), the selected Monviso clone was planted in spring (April), while in another appli-
cation in Northern Italy, it was planted by the end of February (Bianconi et al. 2010).

The planting scheme (e.g. the number of plants and distance between them) must 
take into account the plant ecology and the root and shoot development. Poplar tree 
display a fast growth rate and a deep and wide-spreading root system (Baldantoni 
et al. 2011), promoting root anastomoses and diffusion in soil, and rhizodegradation 
processes. For this purpose, cuttings of poplars can be placed in a number of rows 
(each 2 m from the other) that cover the planting area. Inside each row the cuttings 
should be at a distance of 0.5 m from each other (Ancona et al. 2017). Moreover, 
specific interventions to prepare soil for planting are also performed (e.g. stone 
removal, ploughing, scarifying, hand weeding and soil milling). At the same time of 
planting operations, a suitable irrigation system must be set up (e.g. a tube for each 
row) to provide the necessary water supply. Mulching is also necessary, for each 
planting row, to control weeds in the early growth stages (Fig. 18.2).

18.4.2  Monitoring Early Stages of Vegetative Growth 
and Optimized Agronomic Management of Treated 
Area

The experimental area has to be supervised weekly to assess plant growth and 
health. In particular, it is important to monitor the early vegetative growth stages 
within a few days of planting and, if necessary, to replace plants if rooting failure is 
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observed. A continuous monitoring of plant health during the application of the 
remediation technology is necessary in order to evaluate, in time, any plant require-
ment/need. In this regard, various strategies need to be planned and implemented 
during the different seasons to control weeds and/or pests, to identify water con-
sumption for managing irrigation and to carry out pruning.

18.4.3  Sampling of Soils and Plant Materials at Different 
Times

In order to evaluate the efficiency of the phytoremediation strategy in the experi-
mental area, samplings of soil and plant materials (roots, stems, leaves) should to be 
carried out at different times (e.g. 12, 24, 36, 48 months after planting), both in the 
treated area and outside the planting area. Soil samples are collected from target 
plants in accordance with a sampling procedure designed for the site-specific treat-
ment, taking into account the plantation scheme (Fig. 18.3). A number of soil/sub-
soil samples have to be collected at different distances (for example 1 m, 25 cm) and 
depths (for example 0–20 cm, 20–40 cm), from each target plant (Fig. 18.4).

Correct sampling is essential for evaluating the possible existence of a contamina-
tion gradient in the area below the plant (ranging from rhizosphere to bulk soil) and 
the presence of synergistic interactions between the plants and the microorganisms 
present. Plant material has also to be sampled, i.e. roots from the rhizosphere (to a 

Fig. 18.2 Mulching set up before planting poplar cuttings in a PCB historically contaminated area 
located in Southern Italy (Ancona et al. 2017)
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Fig. 18.3 Soil sampling from a PCB historically contaminated area, located in Southern Italy and 
planted with poplar (Ancona et al. 2017)
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Fig. 18.4 Soil sampling design for each poplar in the studied area (from Ancona et al. 2017)
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maximum depth of 30 cm) and leaves from the outer canopy located in the upper 
third of each tree, the area in which leaves tend to accumulate more mineral elements 
than inner ones, due to their higher transpiration rates (Madejón et al. 2004).

18.4.4  Chemical Analyses

Physico-chemical analyses (soil moisture, pH, conductivity, organic carbon, nitro-
gen content, etc.) performed at different times after the plant-treatment make it pos-
sible to evaluate the improvement in soil quality and fertility. Such analyses are 
useful for measuring, at different sampling times, any nutritional deficiency that 
might affect development and/or make plant more susceptible to pathogens attacks. 
Such data are necessary to identify the right agronomic practices (e.g. fertilization), 
supporting plant growth.

The analysis of the different PCBs and heavy metal congeners makes it possible 
to assess their reduction in soil as compared to their initial values and legal limits. 
In the case of PCBs, it is very important to assess if the congeners with a higher 
chlorine content (octa, hepta, hexa-chlorinated) decrease in favor of those with a 
lower content (penta, tetra, tri-chlorinated). In our experiment, chemical analyses 
performed at day 420  in selected plots at different distances from the trunk 
(0.25–1 m) and at different soil depths (0–20 and 20–40 cm) showed a significant 
decrease in PCB congeners and an overall reduction in all heavy metals (phyto- 
containment) when the poplar trees were present. Moreover, root and leaf PCB 
analyses showed that the poplar plant was not substantially able to phyto-extract 
PCBs (Ancona et al. 2017).

18.4.5  Microbiological Analyses

The organic contaminants decrease in the rhizosphere can be associated with an 
increase in the microbial activity and the number of microbial populations con-
nected with PCB degradation. Measuring dehydrogenase activity can be informa-
tive about the active portion of the soil microbial community (Barra Caracciolo 
et al. 2015; Ancona et al. 2017) and the microbial abundance and diversity (phylo-
genetic characterization by ELFA and FISH analyses) of the interactions established 
between plant roots, autochthonous microbial populations and contaminant trans-
formation. In the poplar-assisted bioremediation of a historically PCB and heavy 
metal-contaminated area in Southern Italy, the overall analyses of the autochtho-
nous microbial community showed an improvement in soil quality. In particular, the 
activity of microorganisms generally increased in the poplar-rhizosphere. A positive 
effect was observed, in some cases at up to 1 m distance from the trunk and at up to 
40 cm in depth. The Monviso clone was effective in promoting a general decrease in 
contaminant occurrence (plant-assisted PCB bioremediation and phyto- containment 
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of heavy metals), with an increase in microbial activity and diversity in a chroni-
cally polluted area, just over one year after planting.

18.4.6  Quality Assessment of Plant Biomass

Plant assisted bioremediation of contaminated areas also has the potential to provide 
valuable sources of renewable biomass, which can be used to produce bioenergy, in 
line with the sustainability criteria of the Renewable Energy Directive 2009/28/EC 
(EC 2009). In this context, several studies have demonstrated that biomass culti-
vated for plant based remediation purposes in metal polluted soils can be thermally 
treated (combustion, gasification, torrefaction and pyrolysis) and used as potential 
fuel (biofuel, bioliquids) to obtain bioenergy (Bert et al. 2017). In fact, these plants 
may enter valorization pathways if the trace elements (metals) do not disturb the 
functioning and performance of the processes, if the metal transfer is controlled and 
impacts on the environment are prevented and, finally, if such plants use complies 
with current regulation (Bert et al. 2017). In this context, a chemical investigation of 
the biomass produced after 3-5 years from the planting is required to determine its 
quality and possible contaminant concentrations. It would be currently very useful 
to develop best practice guidelines at a European level to propose biomass proper-
ties, required for best “energy crops”, to be used for bioremediation purposes.

18.5  Conclusions

The application of phyto-technologies requires interdisciplinary knowledge (chem-
istry, microbial ecology, plant physiology, botany, agronomy, soil science, hydroge-
ology, etc.) of site-specific ecosystem processes. The success of plant-assisted 
bioremediation and other phyto-technologies for recovering contaminated soils 
(phyto-containment/phyto-stabilization, phyto-extraction) relies on a holistic 
approach ensuring a full recovery of the contaminated area, including in terms of 
soil quality and fertility, and a possible use of the biomass produced. The potential 
of microorganisms to degrade contaminants and of their synergic interactions with 
plant are unlimited and can be exploited in the future as an economical, environ-
mentally sustainable and landscape enhancing technology. Plant-assisted bioreme-
diation complies with green remediation and has a low impact on climate change 
and on the environment, in line with environmental sustainability (US EPA 2010).
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Chapter 19
Bioavailability of Polycyclic Aromatic 
Hydrocarbons in Soil as Affected 
by Microorganisms and Plants

Jose Julio Ortega-Calvo, Rosa Posada-Baquero, José Luis Garcia, 
and Manuel Cantos

Abstract The bioavailability of polycyclic aromatic hydrocarbons (PAHs) in soil 
can be enhanced through a variety of microbial and plant functions, that can be 
incorporated into optimized bioremediation technologies. In this review, we exam-
ine the potential of (bio)surfactants, the chemotactic mobilization of pollutant- 
degrading bacteria, and the role of bacterial attachment, to enhance biodegradation 
of PAHs. Plants can also play an active role in enhancing bioavailability of PAHs 
through rhizosphere-related mechanisms associated to specific exudate components 
that affect bacterial chemotaxis, pollutant mobilization, and intra-aggregate bacte-
rial growth.

Keywords Biodegradation • Bioremediation • Bioavailability • Bioaccessibility • 
PAHs • Roots • Biosurfactant • Chemotaxis • Attachment • Desorption • Exudates • 
Bacteria • Transport

19.1  Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous soil pollutants. They are 
typically produced in the incomplete combustion of wood and petroleum products, 
and they are transferred to soils through dry or wet deposition. Accidental spills of 
petroleum or the disposal of industrial wastes cause point-source pollution. 
Unacceptably high PAH concentrations in soils are the main reason for the remedia-
tion of many contaminated sites. In this context, PAHs are among the soil organic 
contaminants that have significant potential for bioremediation. However, they are 
the best representatives of chemicals for which specific limitations in bioremediation 
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exist due to low bioavailability. The residual concentrations of the PAHs after biore-
mediation are crucial because they may limit the use of the area after treatment, or 
land use might not even be possible if the residual concentrations do not meet the 
legal requirements.

Of the 16 PAHs listed by the US-EPA as priority pollutants, those with a molecu-
lar weight of up to 202 g/mol can be degraded microbially through growth-linked 
aerobic reactions, including the high-molecular-weight PAHs pyrene and fluoran-
thene, while the rest of the PAHs in that list, such as benzo[a]pyrene, are susceptible 
to co-metabolic removal (Niqui-Arroyo et al. 2011). These reactions are the basis of 
a variety of approaches that have been used and validated to biologically treat soils 
contaminated with PAHs, which include landfarming, composting, bioreactor treat-
ments and phytoremediation. In this review, we examine the potential of microor-
ganisms and plants to act as bioavailability-promoting agents. The focus will be on 
mechanisms that eventually allow the integration of a bioavailability-efficient tech-
nology into current remediation practices based on biodegradation of PAHs.

19.2  The State-of-the-Art in Bioavailability Science

19.2.1  The Bioavailability Concept

For bioavailability to be incorporated into soil (bio)remediation, three questions 
must be addressed: (1) what is meant by “bioavailability”, (2) how should it be 
measured? and (3) is it possible to increase bioavailability but not environmental 
risk of the pollutants? Over the last 30 years, numerous publications have discussed 
the concepts and definitions of bioavailability of organic chemicals. These have 
been summarized recently in the context of risk assessment and regulation (Ortega- 
Calvo et al. 2015), and are illustrated in Fig. 19.1.

Main schools of thought consider bioavailability (focusing on the aqueous or 
dissolved contaminant), bioaccessibility (incorporating the rapidly desorbing con-
taminant in the exposure), and chemical activity (determining the potential of the 
dissolved contaminant for biological effects). Using the same framework, the figure 
places these different schools (Ehlers and Luthy 2003; Semple et  al. 2004; 
Reichenberg and Mayer 2006) that have dissected bioavailability into the different 
processes that are involved (A to E), the dissimilar endpoints (bioaccessibility and 
chemical activity), and the different methodologies (desorption extraction, passive 
sampling and biological tests).

Each of these processes, endpoints and methods has been considered differently 
in a wide variety of bioavailability scenarios. Depending on the processes investi-
gated, bioavailability can be examined through chemical activity, the potential of 
the contaminant for direct transport and interaction with the cell membrane (pro-
cesses B, C and D), or bioaccessibility measurements, which incorporate the time- 
dependent phase exchange of the contaminant between the soil/sediment and the 
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water phase (process A). Depending on biological complexity, the passage of the 
contaminant molecule across the cell membrane (process D) may represent multiple 
stages within a given organism before the site of biological response is reached 
(process E).

Chemical and biological approaches can be used to measure the bioavailability 
of organic chemicals. The results of infinite sink methods using Tenax and cyclo-
dextrin extraction during approximately 20 hours are currently used to predict toxic-
ity and biodegradation, and are in the process of being standardized. The results of 
these methods represent and define what is referred to as the rapidly desorbing 
fraction. The second complementary approach is the use of passive sampling to 
determine the freely dissolved concentration as a measure of the chemical activity 
of organic chemicals in soils and sediments. This approach proposes that chemical 
activity drives bioavailability (Fig. 19.1). Finally, several (mostly standardized by 
ISO and OECD) ecotoxicological test methods are available to determine bioavail-
ability in the soil and sediment compartments to invertebrates, plants and microor-
ganisms (Ortega-Calvo et al. 2015).

19.2.2  Biodegradability vs Bioavailability of PAHs

The majority of contaminated areas show significant levels of PAHs pollution. During 
the execution of research projects at the Spanish National Research Council (CSIC) 
over the last 15 years we have prospected bioremediation strategies that minimize risks, 
such as (i) the modulation of pollutant release relative to the actual biodegradation 

Fig. 19.1 Overview of scientific concepts of the bioavailability of organic chemicals (Reproduced 
with permission from Ortega-Calvo et al. 2015)
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potential, (ii) the use of environmentally acceptable agents, such as surfactants, micro-
organisms and plants and (iii) the application of treatment methods requiring minimal 
handling to reduce the risk of the contaminants within and from the soil or sediment 
(Ortega-Calvo et al. 2013). These strategies can operate, at different levels, on bioavail-
ability processes to enhance the microbial degradation of PAHs (Fig. 19.2).

Surfactants can increase the biodegradation rates of PAHs that desorb slowly 
from soils (Fig. 19.2, process A). In general, nonionic surfactants are the most fre-
quently used types of surfactants in biodegradation studies, mainly because they are 
electrically neutral, which minimizes any eventual toxic effects (Martín et al. 2014). 
We applied a nonionic surfactant, Brij 35, to a soil originating directly from a site 
polluted by creosote and a soil from a manufactured gas plant (MGP) that had been 
treated by bioremediation (Bueno-Montes et al. 2011). In the creosote-polluted soil, 
biodegradation was inhibited by the surfactant, but biodegradation in the bioremedi-
ated MGP soil was enhanced. The different outcomes were likely a consequence of 
the balance of two effects, namely an increase in the bioaccessibility of the chemi-
cals and an enhancement of the consumption rate of other PAHs present in the soil 

Fig. 19.2 Strategies to influence bioavailability mechanisms (A to E, as described in Fig. 19.1), in 
connection with the microbial degradation of PAHs. Biodegradation can be enhanced through 
solubilization (representing the surfactant action on phase exchange-process A), tactically- driven 
microbial mobilization (represented in the figure by the band of chemotactic bacteria attracted by 
a chemical gradient inside a capillary-process B) and attachment to interfaces, what allows the 
direct acquisition of the soil/sediment-associated contaminant (process C). In this context, D rep-
resents the pollutant uptake by the microbial cells, necessary for biodegradation processing (E)
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at the same time, yielding subsequent competition effects. Our results indicate that 
electrokinetics can also be successfully employed to enhance the bioavailability of 
PAHs, particularly for the surfactant-assisted bioremediation of soils that are rich in 
clay fractions and/or aged contaminants (Niqui-Arroyo et al. 2006; Niqui-Arroyo 
and Ortega-Calvo 2007, 2010).

It is conceivable, therefore, that microbial or plant biosurfactants, if properly 
managed, are able to improve PAH-bioremediation performance. Indeed, we have 
shown that rhamnolipid biosurfactants can dissolve pure, solid PAHs, such as phen-
anthrene, thus increasing their rate of biodegradation (Garcia-Junco et  al. 2001, 
2003; Resina-Pelfort et al. 2003), and enhance the desorption and biodegradation of 
slowly-desorbing and aged pyrene present in soil (Congiu and Ortega-Calvo 2014; 
Congiu et  al. 2015). A similar effect was observed with dissolved humic acids, 
which enhanced the phase exchange and release of PAHs and thus promoted their 
biodegradation (Tejeda-Agredano et al. 2014).

The bioavailability of PAHs can be increased not only by mobilizing the pollut-
ants, but also by promoting the dispersal of microorganisms throughout the polluted 
matrix, to have a better access to the released contaminant (Fig. 19.2, process B). To 
this end, chemotactic mobilization of flagellated bacteria has gained attention in 
bioremediation (Krell et al. 2013). A technological innovation based on this concept 
rests on the mobilization potential of pollutant-degrading microbes from rhizo-
spheres, with chemotactic responses demonstrated toward moderately hydrophobic 
PAHs, such as phenanthrene, anthracene and pyrene, and are able to move chemo-
tactically at speeds of approximately 1 mm/min (Ortega-Calvo et al. 2003). It has 
also been shown in later research that motility and transport of pollutant-degrading 
bacteria can be controlled through a suitable choice of chemical effectors, including 
carbon sources and nanomaterials (Velasco-Casal et al. 2008; Ortega-Calvo et al. 
2011; Jimenez-Sanchez et al. 2012, 2015).

Microorganisms can also increase the bioavailability of PAHs when in direct 
contact with the pollutant through attachment (Fig.  19.2, process C), thereby 
enabling biodegradation to proceed more rapidly (Ortega-Calvo and Alexander 
1994; Garcia-Junco et  al. 2003). The main goal of a recent study (Tejeda-
Agredano et al. 2011) was to target the potential nutritional limitations of micro-
organisms to enhance the biodegradation of PAHs at the interface between the 
nonaqueous-phase liquid (NAPL) and the water phase. The results indicated that 
the biodegradation of PAHs by bacterial cells attached to NAPLs can be limited 
by nutrient availability as a result of the simultaneous consumption of PAHs 
within the NAPLs, but this limitation can be overcome by interface fertilization. 
Another approach was based on facilitated microbial (bacterial/oomycete) inter-
actions for the formation of biofilms at pollutant interfaces (Sungthong et  al. 
2015; Sungthong et al. 2016).
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19.3  Rhizoremediation

19.3.1  PAHs Degradation in the Rhizosphere

The remediation method based on plants to extract, sequester and detoxify soil pol-
lutants, phytoremediation, has in the rhizosphere one of the most important agents. 
Rhizoremediation has recently gained attention with regard to the remediation of 
organic pollutants such as PAHs, because, among other advantages, it increases the 
bioavailability and biodegradation of PAHs but does not necessarily increase the 
risk to the environment. Plants release rhizodeposits, such as exudates in the rhizo-
sphere thereby providing nutrients to the microflora and influencing their activity 
and diversity. In consequence, the rhizosphere is rich in nutrients and therefore its 
microbial density is higher than that of bulk soil (Yang et al. 2013). Furthermore, 
translocation of dissolved contaminants in the rhizosphere as a result of interactions 
with dissolved organic matter (DOM) and the microbial utilization of root exudates 
as co-substrates for the co-metabolism of PAHs and chemotaxis, have been pro-
posed as mechanisms through which plants contribute to biodegradation and bio-
availability of these pollutants (Newman and Reynolds 2004).

Plants utilized for PAHs rhizoremediation must have developed an extensive root 
system and a strong positive geotropism to achieve the maximum colonization in 
the contaminated area. It is important for the plant to be able to tolerate the presence 
of these contaminants. The aerial and root parts are influencing each other. As a 
consequence, the transpiration process at leaves is important in the water flux regu-
lation in the soil. Losses of soil water through transpiration might reduce microbial 
mineralization of organic matter (Bottner et al. 1999). As the soil dries, its hydraulic 
potential together with the surface tension of exudates decreases, increasing the 
exudate viscosity. As viscosity increases, the resistance to movement of soil parti-
cles in contact with exudates will increase (Walker et al. 2003), influencing e.g. on 
chemotactic movements through the porous matrix of soils and, in consequence, on 
PAHs biodegradation process. For all these reasons, an optimal plant selection to 
stimulating the biodegradation of PAHs by rhizoremediation is critical.

19.3.2  Optimal Plant Species for Rhizoremediation Purposes

Many studies have shown the potential of herbaceous species, mainly grasses 
(Aprill and Sims 1990), such as tall fescue (Festuca arundinacea Scherb.) (Parrish 
et  al. 2004, 2005) and ryegrass (Lolium perenne L.), (Chigbo and Batty 2013; 
D'Orazio et al. 2013), to remediate soils polluted with PAHs. Other family used for 
PAHs rhizorremedation is Fabaceae with species such as alfalfa (Medicago sativa 
L.) with a dominant effect on the structure of rhizospherical microbial communities, 
supporting 100-fold more PAH degraders than other species and stimulating relative 
increases in specific Bacteroidetes and Proteobacteria populations (Phillips et  al. 
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2006). The high capability of M. sativa promoting the degradation of pyrene in 
pyrene-contaminated soils allowed that after 90 days, pyrene concentration declined 
32%, whereas it decreased only by 18% in the control soil without plants (D'Orazio 
et al. 2013). Rhizoremediation process can be enhanced both for soil PAH degraders 
and plants adding soil fertilizers. In the case of biodegradation of petroleum pol-
luted soil, the fertilizers optimal balance for F. arundinacea was 100C/ 2N/ 0.2P 
(Reichenauer and Germida 2008).

On the contrary, the studies evaluating the efficiency of woody species on PAHs 
dissipation in polluted soils are scarcer and with limited results. Pyrene disappear-
ance from unplanted soil was more rapid than in the soil planted to the pine species, 
jack pinus (Pinus banksiana Lamb), white pinus (Pinus strobus L.) and red pinus 
(Pinus resinosa Aiton) (Liste and Alexander 2000). The dynamics of PAHs in the 
fine roots in four typical woody species belonging to a Chinese National Nature 
Reserve was also reported (Chen et al. 2015), but the potential degradation of PAHs 
in the rhizosphere of these plants was not considered. Species in the genus 
Paulownia, a deciduous tree native to Central and Western China, are extremely 
adaptive to wide variations in edaphic and climatic factors, and grow well on lands 
deemed marginal. studied the bioremediation ability of Paulownia tomentosa, 
(Thunb.) Steud on an Italian soil located in an industrial area used for about 10 years 
as dump for a range of wastes, including fuel oils and solvents, has also been studied 
(Macci et al. 2013, 2016). After two years of bioremediation, the highest reduction 
(about 60%) in total hydrocarbons occurred in presence of this species at both soil 
depths tested (0–30 cm and 30–60 cm).

However, in both cases (herbaceous and woody plants), fast growth and deep 
roots have been considered desirable features in potential candidates for the devel-
opment of feasible phytoremediation.

19.3.3  The Sunflower Case

The sunflower (Helianthus annuus L.), including in the Asteraceae family, has also 
been used by several authors as a model plant for PAH dissipation. The sunflower 
rhizosphere removed a greater quantity of various PAHs from contaminated soil 
than rhizospheres from other species (Maliszewska-Kordybach and Smreczak 2000; 
Kummerova et al. 2001; Olson et al. 2007), mainly due to its characteristics such as 
very good response to seed germination and root architecture and density. In a 
recent study, we employed a soil that was polluted with aged PAHs at concentra-
tions considered realistic for soils that have undergone extensive bioremediation to 
test the hypothesis that the germination and development of sunflower plants would 
enhance the bioavailability of PAHs in the soil. Total PAHs concentration decreased 
by 93% in 90 days when the polluted soil was cultivated with sunflowers, represent-
ing an improvement of 16% compared to unplanted polluted soil (Tejeda-Agredano 
et al. 2013). We observed that the dissipation of PAHs from soil promoted by sun-
flower plants after the greenhouse experiment had been run for 90 d could be 
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reproduced over a shorter period of 10 d by incubating the soil in shacked slurries 
and adding root exudates (Table 19.1).

Sunflower root exudates have the potential to increase the degradation of xeno-
biotics due to its influence on the soil microorganisms, including the growth of 
PAH-degrading populations such as Sphingomonas (α-Proteobacteria), 
Commamonas and Oxalobacteria (β-Proteobacteria), and Xhanthomonas 
(γ-Proteobacteria), where these exudates act improving the bioavailability of the 
contaminant for degradation.

Root exudation and the identification and role of compounds resulting from of 
this process under natural conditions are difficult to evaluate due to the interference 
with different soil components and microbial metabolites (Grayston et al. 1997). 
These difficulties can be overcome using appropriate in vitro methodologies to 
obtain root exudates allowing, later analysis. A method to produce in vitro sun-
flower root exudates which were chemically characterized and tested for their 
effects on the biodegradation of PAHs have been developed (Tejeda-Agredano et al. 
2013). These authors indicate that these exudates present the same superficial ten-
sion that the basal medium used, indicating the absence of surfactant capacity, and 
that the level of total organic carbon (TOC) in exudates obtained in vitro from H. 
annuus (130  mg/l) was much higher than in exudates from Lolium perenne and 
Festuca arundinaceae, cultivated in the same conditions.

The TOC content observed in the sunflower root extracts, was in agreement with 
TOC contents from root extracts of hybrid willow (Salix alba x matsudana), kou 
(Cordia subcordata) and milo (Thespesia populnea) (Rentz et  al. 2005) and for 
slender oat root exudates (Miya and Firestone 2001), in both cases with promoting 
effects of root extracts on PAH-degrading microorganisms. The bioavailability of 
PAHs can be enhanced by the capacity of dissolved organic carbon to mobilize 
PAHs (Tejeda-Agredano et al. 2013). This enhancement can occur through a variety 
of process such as: (i) enhanced desorption (Haderlein et al. 2001), (ii) direct access 
to DOM-sorbet PAHs due to the physical association of bacteria and DOM (Ortega- 
Calvo and Saiz-Jimenez 1998) and (iii) increased diffusional flux through unstirred 

Table 19.1 Effect of planting with sunflowers and slurry-phase treatment with exudates on 
residual contents of polycyclic aromatic hydrocarbons (PAHs) in polluted soil

PAHa, b

Greenhouse Slurry
Initial Control Planted Initial Control Exudates

Phenanthrene 4.0 0.5 0.1 4.6 1.6 1.0
Pyrene 2.0 0.3 0.1 1.0 0.5 0.2
Chrysene 1.3 1.0 0.5 1.5 0.8 0.5
∑ PAH c 21.8 5.0 1.5 19.3 4.8 2.5

Source: Modified with permission from Tejeda-Agredano et al. (2013)
aData of native PAHs in mg kg−1 obtained from greenhouse and bioaccessibility experiments. As 
biodegradation was tested successively, initial and control data are reported for each experiment 
separately
bGreenhouse and slurry indicate, respectively, whether the polluted soil was planted with sunflower 
and maintained during 90 d under greenhouse conditions, or shaken in a slurry under laboratory 
conditions during 10 d in the presence of sunflower exudates produced previously in vitro
cSum of six PAHs: fluorene, phenanthrene, anthracene, fluoranthene, pyrene and chrysene
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boundary layers around bacterial cells (Haftka et al. 2008), similarly to the enhanced 
uptake of cadmium by spinach plantlets originated from seed germination in the 
presence of labile metal complexes (Degryse et al. 2006).

19.3.4  Exudation Process

The estimation of total allocation of photosynthetic carbon to roots is in a range 
from 20–30% for cereals to 30–50% for pasture plants (Kuzyakov and Domanski 
2000). Whereas 50% of this carbon remains in the roots, 11% of net fixed carbon 
and 27% of carbon allocated to roots is released as rhizodeposits and, for this pro-
portion, only 1–10% are exudates (Paterson 2003). According to these authors the 
highest intensity of root exudation is located at the apices of roots and where lateral 
roots emerge. However, other reports specifically indicate that the zone immediately 
behind these apices, the root collar and root hair are major sites of exudation in 
comparison to root distal parts such as tips (Compant et al. 2010). The older parts of 
the roots may also exude organic compounds (Badri and Vivanco 2009). In any 
case, the exudation process by roots is strongly depended of the plant species (Bertin 
et al. 2003), root age (Nguyen 2003; Micallef et al. 2009) and environmental condi-
tions like temperature, light and soil moisture (Badri and Vivanco 2009).

Phosphorous or potassium deficiencies or nitrogen availability (as nitrate) in the soil 
provoke an increase of carbon compounds excreted by roots (Badri and Vivanco 2009). 
Exogenous addition of elicitors also changes the composition of exudates (Schachtman 
and Shin 2007). Alder (Alnus glutinosa, L.) roots exposed to continuous white light for 
5 days excrete a higher quantity of flavonoids (Hughes et al. 1999). Consequently, it is 
possible to modify either the in vivo or in vitro conditions for improving the release of 
organic compounds to increase the dissipation of PAHs in soil.

19.4  Bioavailability Processes in the Rhizosphere

19.4.1  Influence of Root Exudates on Soil Microbiota

The rhizosphere microbiota has continuous access to a flow of organic compounds 
derived from roots. Various factors hinder the relationship studies between roots and 
microbiota in the rhizosphere space, especially those taking place at specific micro-
sites (Nannipieri 2006): (i) space explored by main roots is different from that 
explored by the lateral roots; (ii) nutrients immobilized by microbial assimilation are 
likely to be recycled following the death and degradation of microorganisms; (iii) 
influence of microorganism activity on the ratio efflux/influx of dissolved organic 
compounds released from root exudation; (iv) the uptake of any nutrient by plants 
and microorganisms depends on the form of this nutrient in the rhizosphere soil.
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These issues can be dealt with by applying specific methods, currently available, 
such as, DNA or RNA extraction and PCR amplification to study the presence or 
expression of microbial and plant genes; biosensors, microorganisms with specific 
genetically incorporated genes with bioluminescence properties that act as indica-
tors related with nutrient movements; isotope additions to aerial part of plant or to 
soil to follow their pathway in rhizosphere and in microbial progression, this micro-
bial growth rates can be followed by leucine/thymidine incorporation (in the case of 
bacteria) or acetate-in-ergosterol incorporation (for fungi) (Marschner et al. 2011); 
fluorescent in-situ hybridization (FISH), in this technique oligonucleotide probes or 
antibodies are labelled with a fluorescent marker to detect microorganisms in situ by 
confocal microscopy (Briones et al. 2003); root-microbe interactions between indi-
vidual root cells and individual microbes in situ using secondary ion mass spec-
trometry (SIMS) (Clode et al. 2009). These techniques have always been used to 
study the rhizosphere effect on soil microorganisms, but their application on pollut-
ant bioavailability studies as related to plants remains highly unexplored.

19.4.2  Chemical Composition of Exudates and Role 
in Bioavailability

The microbial biostimulation exerted by the roots is mainly based on the chemical 
composition of the exudates. Flavonoids, organic acids, phenolic compounds and 
carbohydrates are among the relevant biostimulant compounds included in exu-
dates, often metabolized by rhizobacteria, with bioremediation potential (Hegde 
and Fletcher 1996; Ryan et al. 2001). Exudates produced in vitro from sunflower 
roots (Tejeda-Agredano et  al. 2013) had a concentration of total organic carbon 
(TOC) of 129.73 mg L−1, and contained specific substances with the potential to 
directly or indirectly increase the bioavailability of the PAHs.

These substances include chemicals that are able to induce chemotaxis as several 
sugars as fructose and galactose, dominant root exudate sugars both in C3 and C4 
plants (Vranova et al. 2013). Fructose and galactose cause positive chemotaxis in 
Phytophthora sojae zoospores (Suo et al. 2016), and provide a favorable environ-
ment for the growth of rhizosphere microorganisms (Grayston et al. 1997; Bertin 
et al. 2003). Sunflower root exudates also include amino acids which are powerful 
chemoattractants for different microorganisms (Zheng and Sinclair 1996; Pandya 
et al. 1999) such as asparagine and glutamine both in high concentration in the sun-
flower root exudates are chemoattractants for the Bacillus megaterium strain B153- 
2- 2 (Zheng and Sinclair 1996).

Fatty acids were detected and quantified in sunflower root exudates. These com-
pounds have a known potential to enhance the bioavailability of PAHs in soil by 
acting as surfactants (Yi and Crowley 2007). It is possible that the preferential 
development of rhizosphere microorganisms often observed on the exudate compo-
nents at specific sites inside soil aggregates causes colony growth in the vicinity of 
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pollutant sources and may modify the structure of the soil aggregates, promoting 
bioaccessibility through the excretion of extracellular polymeric substances and 
biosurfactants. These substances are able to induce chemotaxis in bacteria such as 
the soil bacterium Pseudomonas putida G7 (Jimenez-Sanchez et al. 2015) or posi-
tive tactic responses of Pythium aphanidermatum zoospores (Sungthong et  al. 
2015). It is also possible that the organic carbon in the exudates enhances the bio-
availability of PAHs by a mechanism related to its ability to mobilize PAHs that are 
initially sorbed to the soil, as described above.
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Chapter 20
Soil Biodiversity and Tree Crops Resilience

Aurelio Ciancio and Mauro Gamboni

Abstract Promoting resilience capacity in agroecosystems is a very promising 
strategy for the sustainable management of tree crops. Belowground biological 
communities provide a range of different environmental services, including food 
webs structure stability and biodiversity conservation in aggregates, that contribute 
to the maintenance of crop production and effectively respond to external distur-
bances caused by global change. Aboveground habitats rely on a range of resilient 
reactions driven by factors including soil biodiversity interacting with dominant 
plant community species. Nevertheless, the links between soil biodiversity and 
aboveground resilience in time and space have been only partially studied and 
defined. Aboveground resilience is known to act on decadal or longer time scales 
while belowground communities often react on a time scale of a few years. This is 
the reason why coupling of both resilient reactions has been poorly studied and 
needs more investigations. Aim of this review is to provide a perspective on the 
potential of these studies in the management of tree crops, by identifying main driv-
ers and services underpinning the implementation of sustainable strategies.

Keywords Bacteria • Ecosystem service • Invertebrates • Microorganisms • 
Perennial crops • Rhizosphere • Soil ecology

20.1  Introduction

The term “biodiversity” refers to the number of different species present in a given 
environment, and became popular after the 1992 Earth Summit in Rio de Janeiro 
(Brazil). In a more technical terminology, it refers to the density of species, counted 
per given surface or volume. The different indexes developed and applied to its 
measure are fundamental tools in many plant and soil ecology studies, as well as in 
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related and applied management studies (Giller et al. 1997; Morris et al. 2014). The 
alpha diversity (observed within a sample or habitat) and the beta diversity (mea-
sured among samples or habitats) are integrated, at a higher level of analysis, in the 
gamma diversity (total diversity). Although of widespread use, depending on the 
organisms investigated and the environments sampled, the many biodiversity and 
species richness indexes developed thus far may be difficult to measure or derive 
(Kennedy and Smith 1995). This also depends on the biology of the species to count 
when considering, for example, organisms such as fungi, whose hyphae may be 
spanning over very large distances, or invertebrates such as ants or termites, explor-
ing wide areas (Giller et al. 1997).

Soil, crops and forest ecosystems account for a large fraction of the total world 
telluric biodiversity (Hågvar 1998; Lavelle and Spain 2006). Different anthropic 
pressures have been identified worldwide, in relation to the aboveground composi-
tion found in these ecosystems and the occurring links with the belowground 
species. They include pressures present either in temperate and tropical ecosystems 
such as deforestation, intensification trends towards specialized monocultures or 
export-oriented tree crops productions. In the Tropics these include, apart of fruit 
crops, market-oriented commodities such as coffee (Coffea spp.), cocoa (Theobroma 
cacao), oil palm (Elaeis guineensis), rubber (Hevea brasiliensis) or tea (Camellia 
sinensis).

Negative effects on belowground biodiversity are also exacerbated by the wide-
spread lack of efficient soil conservation and management practices, encountered 
worldwide in large industrial crops as well as in small farms or self-consumption 
agricultural systems. Soil degradation and loss of functioning or of biodiversity- 
based services are the major side effects of poorly managed agriculture, experi-
enced in several tropical and temperate regions. They are mainly found in low 
fertility soils, where irreversible degradation thresholds are often reached in the 
long-term, in most marginal conditions (Oldeman et al. 1990; Antle et al. 2006).

In temperate regions, due to forest management, re-forestation (man-made or 
natural, as observed in the last decades in Italy due to the re-colonization of abandoned 
marginal farms by natural vegetation), the main threats for belowground biodiversity 
concern agricultural soils. Perennial tree crops are often cultivated under intensive 
regimes, with high external inputs such as fertilizers, herbicides and pesticides, 
which have significant impacts on belowground species richness and abundance.

The links between belowground biodiversity and aboveground composition 
reflect the structure of the production cycles involved. In the Tropics, either de- 
forestation and intensification of perennial crops represent two major threats. 
Among the different types of tree cropping systems, shade coffee in Mexico showed 
an example of biodiversity conservation practices, compatible with agricultural pro-
ductivity, which may be extended elsewhere, to other crops or world regions 
(Gordon et al. 2007). Experimental data on the effects of intensive tree crop planta-
tions or monocultures, offering a certain level of canopy protection, showed possi-
ble strategies for biodiversity protection during production cycles. In the case of 
organic coffee, for example, protection of aboveground biodiversity is mainly due to 
the effect of the trees shade cover, the presence of epiphytes, and/or the canopy height. 
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In general, canopy protection avoids soil erosion and favours the flow of nutrients 
arising from primary production and decomposition, with beneficial effects on 
belowground food webs.

Examples of beneficial services deployed by highly biodiverse cropping systems 
include, apart of the carbon sequestration service in tropical forests, the mainte-
nance and richness in pollinators, the improved plant nutrition by a diverse range of 
soil microorganisms (such as decomposers, endophytes, rhizobia), or an higher effi-
cacy in control of plant pests and diseases, due to an higher richness in predators or 
antagonists (Gurr et al. 2003).

A basic, general concept to derive by these experiences is that problems in dif-
ferent areas of the world may have similar solutions. In this view, possible outcomes 
and practices may have a broader than local application range, with potential advan-
tages available even for distant agroecosystems, through the application of 
sustainability- aimed policies that were effective elsewhere. The effects on soil bio-
diversity of factors such as trade and consumption by intensive economies are 
indeed global. They are exerted on areas already exposed to other extensive ecologi-
cal stresses, ranging from the global rising of temperatures and rainfalls, to the local 
intensifications of farm inputs.

A possible strategy to protect biodiversity in presence of sustainable levels of 
production and eventual marketing is to rely on the added values of biodiversity- 
saving crops. To evaluate their effect, we have to look also at how agroecosystems, 
that are far from developed regions, are connected to these economies. The web of 
causes/effects linking a wide range of pressures and agro-ecological regimes may 
indeed act on soil biodiversity resilience over very long distances. The agricultural 
“space” is global, as are the factors that give shape to the food and commodity 
exchange at the world scale. This situation is challenging, as this century is consid-
ered as the first of the Anthropocene, an era in which many animal and plant species 
will probably become extinct. In this view, broader studies may be needed to under-
pin and promote wiser policies, embracing questions such as: How do the social 
consumption levels impact soil biodiversity within distant ecosystems? At which 
extent do actual production regimes differ, in terms of biodiversity and stability, 
from traditional, self-consumption or natural undisturbed ecosystems? Finally, at 
which extent and how do tree crop inputs affect soil biodiversity?

Aim of this review is to discuss some aspects and summarize achievements in the 
study on soil biodiversity and aboveground resilience, providing a perspective on its 
potential in the sustainable management of tree crops, by identifying some sustain-
able strategies, in the light of the above questions.

20.2  Belowground Biodiversity and Services

The services available over an agricultural or man-managed forest environment may 
be extended to soil, considered as an ecosystem itself (Wall et al. 2010). Bignell 
et  al. (2005) listed the following services produced by and related to the 
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belowground species: organic matter decomposition, cycling of nutrients, bioturba-
tion, bio-antagonistic activity against pests and diseases, with further environmental 
services such as species replacement and functional biodiversity conservation, soil 
structuring, carbon sequestration, bioremediation.

All these services are present alone or in different combinations, depending on 
the peculiar traits of the environments examined and their evolutionary history. In 
the Tropics, biodiversity levels are often higher than those encountered at medium 
or high latitudes, mostly for large, aboveground species (De Deyn and Van der 
Putten 2005). This is likely due to higher tropical energy flows and longer favour-
able seasons, higher number of diversified and isolated habitats, lower rates of spe-
cies and population extinctions and a longer evolutionary history (Giller et al. 1997; 
Botero et al. 2013). However, in these regions soil resilience and resistance levels 
largely differ, depending on crop type, climate regimes and biogeographic profiles, 
as well as on agricultural inputs applied and released outputs.

20.2.1  The Extent of Soil Biodiversity

Conservation of soil potentialities is central to any sustainable crop management. 
Soil biological quality can be evaluated by monitoring the changes in the structure 
and composition of its communities (microfauna and microorganisms). Soil is 
indeed one of the most important environments on earth, and all societies depend on 
it for a significant part of their food. However, our knowledge about the diversity of 
its biological constituents, as well as their role and conservation status, is still lim-
ited (Torsvik et  al. 1990; Hawksworth 1991, 2001; Giller 1996; Wilson 2000). 
When comparing the range of microbial species present in soil with that of higher 
animals and plants (for which extensive inventories already provided a global 
knowledge about the number of species endangered and the expected extinctions), 
the number of soil organisms largely exceed that of vertebrates or higher plant spe-
cies by several orders of magnitude (Bardgett 2002).

The biological soil components originate a complex system of food webs 
(Kampichler 1999; Brussaard et al. 2007). They are responsible for nutrient recy-
cling through decomposition and transport, as well as for primary productions, in 
which the final outcome, including the ecosystem stability itself, does not usually 
correspond to the sum of each component effect (Addiscott and Mirza 1998). The 
rules of complexity in fact are active also at the scale of soil micro-ecosystems and 
ultimately affect food production and human societies on a global scale. This is an 
aspect often neglected in soil studies, which mainly deal with physico-chemical 
structural constituents, organic matter content, mineral or biological profiles, and 
related interactions (Kennedy and Smith 1995; Carter 2004; Havlicek and Mitchell 
2014).

There is a general, increasing concern regarding the extent of the microbial bio-
mass and diversity in soil ecosystems, and about its role. Detailed knowledge is 
arising thanks to the advent of DNA-based technologies. As a reference scale, it is 
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already clear that the number of bacterial species which can be recovered from soil 
with traditional methods (i.e. culturing) are 100–1000 times lower than the real 
number of species present, that are in their majority still unclassified or undescribed. 
As early a quarter of century ago, Torsvik and collaborators showed, by extracting 
soil DNA, that around 2 · 103 bacterial species could be estimated to inhabit each g 
of soil (Torsvik et al. 1990). This order of magnitude was confirmed by later studies 
and analyses based on pyrosequencing or next generation sequencing (NGS) of soil 
total DNA (Rosello-Mora et al. 2001; Roesch et al. 2007). Moreover, also the total 
number of bacterial cells is usually large, as it may reach 10 7 ∙ g−1 of soil, of which 
only a small fraction is cultivable (Kellenberger 2001).

The mechanisms exerted by bacterial biodiversity on soil functioning and crop 
productivity hence represent part of a terra incognita, and their impact is still largely 
underestimated. It is now clear that cultivable species represent only a fraction of 
the soil microbial biodiversity on earth, since several groups, including uncultivable 
symbionts, parasites, endophytes and decomposers, escape any traditional census 
and identification, due to their specialized trophic niches, and biology (Head et al. 
1998; Kellenberger 2001; Roesch et al. 2007). At a lower order of magnitude, simi-
lar considerations hold also for fungi, for which only a small fraction of total species 
has been described thus far.

Other organisms show a less abundant occurrence, for example nematodes, 
whose species richness is usually in the order of 50–100 taxa ∙ 100 g−1 of soil. They 
are, however, important considering their function in soil. The functional role of soil 
microbial communities is as important as their composition and complexity, since 
they directly affect the life of aboveground plant species and the energy to biomass 
conversion, with direct or indirect effects on i.e. weeds, disease management or 
plant nutrition (Bonkowski and Roy 2005). Of particular interest are the root endo-
phytes due to their mutualistic interactions with hosts and the beneficial effects on 
plant nutrition (Schulz and Boyle 2005; Schulz 2006).

The most important components of soil inhabiting microfauna are nematodes 
and higher invertebrates, which are not only pests but also nutrient recyclers or soil 
engineers. They are present in any trophic web, feeding on algae, bacteria, fungi, 
roots or predating other small animals. Given their abundance and together with 
amoebae and protozoa, nematodes increase nutrients turnover and indirectly influ-
ence soil decomposition by feeding on microbial decomposers. Moreover, some 
species may be very sensitive to various types of disturbances. In the last decades 
many studies analysed nematode community structures in relation to environmental 
changes or disturbances (Bongers 1990; Bongers and Ferris 1999). Data showed 
that they are better indicators of changes in soil quality than other organisms that are 
also sensitive to disturbance, since they occur everywhere, can be easily collected or 
counted and identified. Nematodes are also reliable indicators of the soil organic 
enrichment and content in microbial biomass (Ferris and Bongers 2006). Moreover, 
entomopathogenic species inhabiting soil contribute to the regulation of many insect 
pests. Their populations can be artificially increased and in most cases they are a 
valid alternative to chemical pest management. Also, the predatory species act as 
regulators of other nematode groups, including herbivores. Finally, the energy flow 
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deriving by primary producers plays a strong effect on soil fauna complexity, as 
shown by the effects on nematode communities in food webs development, in pri-
mary successions of remediated soils (Hohberg 2003).

20.2.2  Tree Crops Impacts

As soil biodiversity is a natural constituent of the biosphere, contributing to its equi-
librium and stability, its conservations requires, in disturbed areas, the identification 
and implementation of suitable actions. The Tropics are the centre for intensive 
productions of commodities consumed in the northern hemisphere, like coffee or 
palm oil, which exert strong pressures on belowground biodiversity. Coffee repre-
sents a key agricultural commodity, second only to oil for international trade value. 
Due to its requirements in terms of climate and environment this crop provided an 
interesting experimental model to study the impact of tree production systems on 
belowground and aboveground biodiversity, and to identify most convenient conser-
vation actions.

Studies have been produced in countries such as Mexico (rated among the top 
five for endemism of plants and higher animals), which shows varied systems, rang-
ing from organic to intensive crops. In northern Chiapas, coffee trees grown with 
shade cover showed higher yields at canopy coverings ranges of 23 – 38%. However, 
productivity decreased with shade covers higher than 50%. A reduced incidence of 
coffee leaf rust and weeds, with increasing shade density, increased revenues in high 
shade systems (Soto-Pinto et al. 2002). However, a simple change in the shading 
tree species composition (from natural to Inga sp. plantations) was observed to 
yield changes on aboveground biodiversity and positively affect income (Peeters 
et al. 2003).

In biodiversity conservation programs in Mexico, Brandon et al. (2005) showed 
that it is possible to protect animal species by using a small number of reserves 
compatible with a low agricultural productivity. By the year 2005, 11% of human 
population inhabited forested areas in this country, and more than 8400 rural com-
munities owned forest resources, with a large number of communal enterprises, 
covering 80% of forests (Brandon et al. 2005). Over a coffee plantation intensifica-
tion gradient in Vera Cruz, the highly biodiverse “bajo monte” plantations were 
among the cropping systems with the highest productivity, although no direct links 
were found between aboveground biodiversity richness and yields (Gordon et al. 
2007).

A further, paramount case for biodiversity studies is given by Costa Rica, which 
is one of the 20 countries with the greatest biodiversity in the world. It has numerous 
and varied microclimates due its geographic position, coasts and mountain system. 
Such conditions explain its huge natural wealth, not only in terms of species but also 
of ecosystems. The more than half a million species found in the country represent 
nearly 4% of the total estimated worldwide, of which just over 60% are insects. 

A. Ciancio and M. Gamboni



327

Costa Rica is also an important coffee producer, and this crop has a strong impact 
on the agricultural economy and export.

Currently, coffee plantations in Costa Rica are characterized by different sys-
tems, including farms with organic, conventional and sustainable management, 
located at different altitudes, ranging from 0 to >1200 amsl, with a biodiversity 
extremely rich on microorganisms (Obando 2002). It is estimated that 65 · 103 spe-
cies of fungi and more than 25 · 10 3 species of bacteria and micro algae exist in this 
country.

Tea is a further international commodity with a production higher than 3 M tons 
· year -1. Typically produced in the Asian and African regions for more than two 
centuries, tea is one of the main products of China, India, Sri Lanka and Malawi, 
which together cover more than 70% of the world production. This is also one of the 
crops with the most intensive cultivation regimes, highly destructive for surround-
ing biodiversity-rich areas. Tea requires several protection efforts and more than 30 
different pesticides are often used in its cycle. In areas where tea was cultivated for 
more than 100 years, high pesticide sprays were responsible for amphibian decline, 
due to habitat losses and high contamination levels (Daniels 2003). Tea producers in 
Sri Lanka experimented several aspects of organic farming and soil protection, 
including non-chemical, natural and organic farming systems, with multi cropping 
systems that strengthen monocultural tea ecosystems. Tea crops are exposed to the 
effects of global warming, which induced changes in soil invertebrate biodiversity, 
including pests such as nematodes (especially for the nematode Meloidogyne brevi-
cauda, a temperate species found only in Sri Lanka on tea plantations), and benefi-
cial soil fauna and flora.

Oil palm production is the main cause of biodiversity losses in the Tropics 
(Barnes et al. 2014; Vijay et al. 2016). Deforestations due to this cropping system, 
and consequential losses of aboveground biodiversity, are mostly evident in South- 
East Asia and South America, where 45% and 30% of palm crops are grown today 
in previously forested areas, respectively (Vijai et al., 2016). These authors identi-
fied forests in Africa and South America as the most vulnerable to deforestation in 
the next decades, for conversion to oil palm production. Corporates-based conver-
sion of either primary and secondary forests in Malaysia, one of the most important 
oil palm producers, and substitution of rubber and cocoa crops with oil palms, 
showed adverse negative effects on above- and belowground biodiversity, with 
indigenous and rare species replaced by invasive or generalist ones at around a 35% 
replacement rate, when compared to undisturbed forest habitats (Dhandapani 2015; 
Savilaakso et al. 2014).

20.2.3  Tree Crops Productivity and Biodiversity

Soil biodiversity profiles have a remarkable impact on the resilience and stability of 
tree crops productivity. This largely depends on the food webs of the soil inhabiting 
microbial communities and microfauna, as well as on many aspects of their 
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interactions with the tree productions. Considering that soil is a non-renewable nat-
ural resource, any assessment about the effect of agriculture on its fertility and biol-
ogy aims at identifying suitable conservative technologies, in view of a sustainable 
farming. Many socio-economic initiatives may be (or have been) implemented to 
protect soil biodiversity, including identifying the mechanisms allowing competi-
tive advantages received by farmers, traders and consumers, once they learn how to 
value biodiversity (i.e. through the certification of biodiversity-friendly products 
and market/consumers’ evaluation).

Actually, several DNA-based studies are advancing our knowledge on soil biodi-
versity status (and losses) as the result of management practices. Their global out-
come should be finalised at identifying restoration or conservation actions keeping 
the most “biodiversity protective” agroecosystems economically competitive. 
Investing in biodiversity restoration and conservation plans (i.e. different types of 
coffee plantations in Central America producing biodiversity-friendly certified cof-
fee), has often resulted in a range of financially viable and sustainable production 
systems, suggesting that these kinds of actions may be applied to reverse trends of 
conversion from shade coffee to less protective, shade-free plantations (Gobbi 2000; 
Perfecto et al. 2005). At this regard, and also in consideration of high-impact of 
commodities such as oil palm, final informed consumers may indeed play a signifi-
cant role in the success of biodiversity protection actions, acting over very long 
distances by changing consumption trends and markets’ demand.

Crossing biodiversity and resilience data with farms economic performance may 
lead to the identification of multiple equilibria and the selection, for eventual adop-
tion, of most appropriate protective strategies. Antle et al. (2006) analysed soil deg-
radation processes based on multiple equilibria and resilience thresholds, by 
modelling the soil degradation in terrace systems in the Andes, and the effects of the 
subsidy policies and economic conditions applied for restoration. A similar approach 
may be adopted for the paths of productivity decline often associated to biodiversity 
erosion and losses or extinctions, present in many areas. To verify if some returns 
occur in action plans applied for biorestoration (i.e. based on a range of alternative 
technologies for pest management, fertilization, water management etc.), their 
marginal- law trends, increasing to a maximum and then declining, should be quanti-
fied. Similarly, marginal economic benefits will show a growing curve up to a 
threshold level at which no more returns are received by the conservation action. 
The condition for a stable high-productivity and optimal biodiversity equilibrium to 
be reached and maintained as sustainable is that the biodiversity restoration plateau 
should occur before the economic threshold is reached. If instead it is reached after 
the economic threshold is achieved, the marginal gain in biodiversity conservation 
will no more be convenient nor sustainable, in presence of no additional economic 
benefits obtained by the farmer investment, with a consequential biodiversity 
decline and irreversible losses as the action plan is abandoned (Fig. 20.1).

Although the marginal gain view is usually applied for conservation or restora-
tion of soil physical properties, it appears also suitable to monitor the soil biological 
erosion, identifying the threshold levels and checking under which conditions soil 
biological stability or persistent degradation may occur. It also appears suitable in 
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tree crops, due to their persistence and the longer time during which a conservation 
or restoration plan may be implemented. In the case of reversing a severe  degradation, 
the investments aiming at restoring the lost conditions (for example by abandoning 
costly practices such as chemical pest management, high fertilization rates or 
destructive soil or water management plans) could be discouraged by the higher 
costs of alternatives. Moreover, Fig. 20.1 shows only a part of the problem, as dif-
ferent rates of restoration, for different soil organisms or functional groups, may be 
achieved by the same initiative. Detailed information is, hence, fundamental to 
identify which public and/or management action or support should be implemented 
to promote resistance/resilience. The data should be made available at the highest 
possible resolution (in terms of functional groups or species). These plans should 
ultimately aim at restoring, in most degraded situations, at least part of the original 
belowground biodiversity, sustaining at the same time the economic productivity of 
farms.

20.2.4  Rhizosphere Services

Although the global importance of biodiversity is widely recognized for any ecosys-
tem, the role of soil communities in maintaining the functioning and structure of the 
arboreal root systems and associated food webs is not fully explored. A deeper 
understanding of the global effects of soil microbial diversity on the aboveground 
level requires in fact huge research efforts, due to the large number of biogeochemi-
cal factors, soils and microbial communities that evolved on earth (Wall et al. 2010, 
2015).
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Two common services, plant nutrition and protection from pathogens and 
parasites, may be identified in the above- and belowground interactions, provided 
by functional groups categorized under the general terms of symbionts (such as 
 mycorrhizae and endophytes) and antagonists, including in the latter the competi-
tors and biological control agents. Some examples may clarify the complexity and 
significance of these relationships, that evolved along with the soil species and the 
ecosystems they occupy.

Studies on the role of arbuscular mycorrhizae (AM) and ectomycorrhizae (EM), 
carried out in temperate forests, showed that the type of mycorrhizal association 
affects the observed aboveground biodiversity of the tree species, by acting on con-
specific density-dependence (Bennett et al. 2017). The effect of belowground fungal 
symbionts found on tree communities should then be added to the known benefits 
deriving by the improved nutritional exchange with roots. Higher levels of nitrogen 
provision and mainly of root protection, reducing the damage by pathogens or para-
sites, characterized the EM and root associations. These were shown to favour the 
development of EM-colonized seedlings, in comparison to the negative feedback 
observed for AM associations. EM associations thus reduced the negative density- 
dependency effects of conspecific trees, lowering their local biodiversity and regu-
lating plant populations and communities, with effects on forest trees composition 
also visible at the regional scale (Bennett et al. 2017).

Regional scale patterns for soil invertebrates may be useful to identify soil dis-
turbance effects, but are difficult to produce and require replicated samplings along 
long transects in environments that are homogeneous over long distances. This stud-
ies, however, may allow the identification of links between invertebrates such as 
earthworms and a number of soil properties such as pH and nitrogen contents, with 
potential in environment modelling and disturbance effects evaluation (Joschko 
et al. 2006).

The interactions among roots and symbionts provide a mechanism underpinning 
tree plants resilience in response to disturbances such as drought or soil pathogens. 
Studies on drought resilience in poplar, pines and other species, showed that the 
associated EMs enhanced the capacity of water absorption through an increased 
root specific surface. This is also the result of a longer extension provided by the 
hyphae and of the higher volume of soil explored. Other mechanisms include 
increased hydraulic conductivity and expression of cellular pathways for some 
aquaporin genes, improving the water transport capacity of roots (Brunner et  al. 
2015). Increased aquaporin gene expression was observed either for the basidiomy-
cete Laccaria bicolor and the ascomycete Tuber melanosporum (Hacquard et al. 
2013).

Nodulating endosymbiotic bacteria of the genus Frankia are associated to tree 
species, such as Casuarina spp. in tropical and sub-tropical regions and Alnus spp. 
in temperate regions. Frankia spp. are active against pathogenic fungi such as 
Pythium or Poria spp., through the production of anti-fungal and anti-bacterial 
metabolites (Akkermans et  al. 1989). They are major providers of nitrogen, and 
significantly contribute to the success of these trees in the colonization of very poor 
soils.
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Roots, pathogens/herbivores and microbial soil antagonists have complex links 
in soil, involving biochemical signals or nutritional, adaptive links. The entomo-
pathogenic fungi of the genus Metarhizium provide their host plants, through their 
endophytic phase, with the nitrogen compounds subtracted by the root feeding 
insects, that they parasitize as entomopathogens (Behie et al. 2012).

Apart of being efficient decomposers or parasites, nematodes also include bio-
control agents. When attacked by an insect herbivore, the roots of some European 
maize varieties attracted the entomopathogenic nematode Heterorhabditis megidis, 
through the emission of a belowground signal, the sesquiterpene (E)-β-caryophyllene. 
The signal emission was induced by the feeding activity of larvae of the beetle 
Diabrotica v. virgifera, and was capable of significantly reducing the number of 
emerging adults, as shown in laboratory and field assays (Rasmann et al. 2005).

Plant nutrition and protection are not the unique services provided, as the below-
ground species sustain the decomposition or organic matter and nutrient recycling, 
as well as other services related to the soil structure and biodiversity conservation in 
soil aggregates.

20.2.5  Ecosystem Engineering

This term refers to the capacity of some organisms to build up and maintain stable 
structural constituents of soil through their biological activities, including foraging 
and decomposition, recycling, or direct assemblage of soil components and aggre-
gates in elements of different dimensions and complexity (such as nests, tunnels, or 
termite combs). Micro- and macro-invertebrate communities play fundamental 
roles in the maintenance of soil fertility and other services, either in temperate and 
tropical soils, through the intense bioturbation that they operate and the interactions 
that they developed in million years of co-evolution with other soil organisms 
(Lavelle et al. 2006). The actions of these ecosystem engineers are usually consid-
ered as beneficial, involving nutrients and water soil adsorption. Ecosystem engi-
neering have high impacts on the soil organic matter and structure, as well as on 
fertility and nutrients storage. In natural savannah soils from the Ivory Coast, for 
example, earthworms may ingest, mix and redistribute 800 to 1200 Mg dry soil · 
ha−1 · year −1. In tropical environments, termites and ants are active ecosystem engi-
neers that contribute to some general effects of great importance for tree crops pro-
ductivity, including the:

 – selection and redistribution of microbial communities via bioturbation of the 
upper 20 cm of soil and the production of energetic substrates, analogous to root 
exudates (Lavelle et al. 2004, 2016);

 – stimulation of plant growth through accelerated nutrients release, protection 
from parasites (especially nematodes), stimulation of root symbionts, physical 
conditioning of soil and production of Plant Growth Promotors (PGP) via selec-
tive stimulation of specialized microorganisms (Brown et al. 1999);
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 – significant contribution to the maintenance of hydraulic services and of an 
important and diverse (in terms of size classes distribution) porosity;

 – carbon sequestration through active macroaggregations of soil in the upper 
20  cm, with positive effects on water infiltration and storage, together with 
sequestration in stable biogenic aggregates.

The complex of soil invertebrates also contributes to the provision of other eco-
system services by their engineering activities, including the conservation of micro-
bial diversity in a large number of microsites (Lavelle et al. 2006).

20.3  Resilience

A resilient response is a sort of elastic reaction displayed by a system after an exter-
nal disturbance or stress has been applied, allowing the return to its initial condi-
tions. In the case of soil, it is mostly a reaction allowing the recovery of its 
pre-disturbance properties in a stable way, after changes have been induced by one 
or more external causes, often with a direct or indirect anthropic origin (Elliot and 
Linch 1994; Lal 1997).

Aboveground habitats rely on a range of resilient reactions towards external dis-
turbances, driven by factors including soil and other environmental parameters, and 
interacting with dominant plant community species. Aboveground resilience is 
known to act on decadal or longer time scales. Because of its response time, resil-
ience in forest and tree communities is often difficult to study experimentally. Data 
may be biased in fact by other overlapping factors, or the lack of adequate controls 
needed for comparison. The coupling of both above- and belowground resilient 
reactions has been poorly investigated as well, nor the identification of their drivers 
has been studied over long time scales. In one of such studies, dealing with forested 
lake islands of different sizes from northern Sweden, Wardle and Jonsson (2014) 
showed that the differences in resilience among the experimental sites were minor, 
and that resilience was not affected by the disturbed habitat size. In spite of being 
more subject to burning, due to higher frequency of lightning, the larger islands 
were more fertile and productive, with a lower plant biodiversity. These characteris-
tics, however, were not sufficient to alter the resilience process, nor to reduce the 
recovery time over the 14 years of study, when compared to smaller islands, with 
the only exception of the most severely disturbed sites (Wardle and Jonsson 2014).

As soil resilience is active on a shorter time scale (1–2 years), more observational 
or experimental data have been made available on this subject. The most common 
sources of soil stress and biodiversity disturbance are belowground contamination 
by heavy metals and/or pesticides, the spreading of invasive pathogens and species, 
hydrologic stress due to climate changes, such as drought or, on the other extreme, 
floods.

Soil food webs respond to one or more of the cited stresses in several ways, and 
when a functional group is lost, its service may be partially or totally accomplished 
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by one or more other redundant groups. Pesticide applications to soil, for example, 
are known to increase the likelihood of extinction of biological antagonists, due to 
a reduced availability of the preys or pests targeted, and to the toxic effects directly 
induced on these microorganisms. Although this is true for the most effective bio-
cides such as methyl bromide, differences may be found for other pesticides. In the 
case of bacteria, for example, data on the effect of an organophosphorus insecticide 
showed an increase of some taxa in treated soil samples, in comparison to untreated 
controls, due to the selection of some species capable to degrade the applied pesti-
cide and its derived compounds (Itoh et al. 2014). This is an example of a resilient 
reaction of soil, leading to a re-structuring among its microbial populations, depend-
ing on the richness of species present at the moment the disturbance was applied. 
The insurgence of one or more stress factors in a soil microhabitat may, hence, 
directly induce a biodiversity loss (lowering the richness of species) or reduce their 
abundance. However, it may also induce changes in the populations structure and in 
the genetic traits of the residual organisms. The reaction of a species or population 
to one or more disturbance factors may in fact originate novel evolutionary adaptive 
paths. Many soil species, including microorganisms or some invertebrates (i.e. 
microbiovorous nematodes) have a short (a few hours to a few days) population 
cycle. Genetic shifts may be then expected in a relatively short period of time, under 
a durable disturbance, due to structural food web alterations. This occurs mainly 
with changes affecting species composition or density of i.e. predators, antagonists, 
symbionts or parasites, altering their interactions with other components of the 
food web.

Moreover, the introduction of additional selective pressures or population distur-
bance may determine genetic bottlenecks, due to the extinction of more susceptible 
individuals and the selection of a few resistant ones, that eventually multiply. 
Similarly, the disappearance of an already occurring selective pressure (i.e. loss of 
a micro-predator) may induce genetic changes with the increase and accumulation 
of previously unfavoured traits. The final outcome for survivors is then a shift in 
population gene frequencies and a frequency increase of the genotypes more adapted 
to the newly altered conditions. This means that genetic rushes of the Red Queen 
type, characterizing many populations inter-relationships also in soil, are altered to 
follow novel and distinct paths. These processes may occur at many levels within a 
disturbed habitat, affecting the interactions among multiple organisms and related 
functional services, or include/exclude the establishment/persistence of symbiotic 
associations.

A similar situation concerns the functions accomplished in soil, with those rely-
ing on a low number of species (more exposed to extinction) as most sensitive to 
disruption. If a function is performed by one or a few species only, their extinction 
also produces an irreversible functional loss (Giller et al. 1997). A requirement for 
stability in soil functions is hence the presence of multiple groups of organisms 
(gilds) underpinning the same function. This will sustain soil resilience by reducing 
the likelihood of a functional loss due to a single species extinction. Increasing the 
functional redundancy must hence be regarded as a possible strategy to sustain soil 
services and counteract the effects of biodiversity losses. This view is, however, 
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debated as the richness of species by itself does not warrant an increase of soil func-
tionality, as the services that depend on a reduced number of organisms, as those 
encountered in agricultural soils, are the more susceptible to a disruptive loss after 
soil biodiversity erosion (Bender et al. 2016).

20.3.1  Soil and Tree Crops

Several benefits, directly or indirectly linked to crop biodiversity, have been identi-
fied in relation to the practices with a minimal or null environmental impact, such as 
organic farming (Wall et  al. 2015). Some examples of above- and belowground 
biodiversity issues in tree crops may be used to illustrate potential benefits related 
to the identification and application of most convenient low-impact practices. 
However, general rules in agriculture do not appear frequently, and it appears more 
useful to search for, and then apply, local experience-based technologies, given the 
diversity of the world agroecosystems and of the problems that farmers have to face. 
These may include abandoning chemical treatments in favour of biological control 
methods. It is known, for example, that chemical products affect biocontrol agents 
too, as shown by the treatments applied to control insect pests in citrus, affecting the 
biodiversity of predators or other useful arthropods (Liang et al. 2007). In citrus 
crops several herbivores are no more considered as pests today because they are 
controlled by parasitoids. At the same time, due to globalization, new pests and 
associated transmitted diseases are dramatically emerging.

Differing from aboveground pests and predators, soil biocontrol agents do not 
rely on prey searching strategies, although some nematophagous fungi may attract 
nematodes towards their traps. Soil pests such as phytoparasitic nematodes are con-
trolled by several fungi or bacteria, including specific endoparasites such as the 
endospore-forming bacteria of the genus Pasteuria or other antagonists of the gen-
era Bacillus, Pseudomonas or Streptomyces.

The eradication of a pest or pathogen from an agricultural environment (and soil 
in particular) is, in many cases, difficult or impossible, due to the low likelihood of 
killing all individuals as the soil volume to treat increases. Many mechanisms con-
tribute to this situation, including the nematode survival through mechanisms such 
as anhydrobiosis, cyst or egg mass forming, dauer arrest or multiplication on alter-
native hosts, as well as its dispersal through soil, water or even wind. Some proper-
ties like polyphagy allow root knot nematodes to survive on weeds or other plants, 
as well as on hosts present in untreated fields or parcels. Differing from chemical 
control, biological management methods seek the production of a stable equilib-
rium, which may even lead to suppressivity, a condition in which the nematode pest 
does not achieve high density levels, even in presence of a susceptible plant. In tree 
crops such as peach, suppressive activities towards plant parasitic nematodes have 
been associated to nematophagous fungi, such as the hyphomycetes Hirsutella 
rhossiliensis (Eayre et  al. 1987) or Brachyphoris (syn. Dactylella) oviparasitica 
(Stirling and Mankau 1978).
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Plants, through the energy conversion, are the most important drivers active at 
the agroecosystem level. Tree crops in particular act at multiple levels, as hosts for 
foragers and herbivores, as energy or nutrient providers, and as aboveground eco-
system engineers, though the organic matter provision. Belowground, they act as 
soil engineers through their root system and as carbon sinks. Different effects may 
however be experience, depending on the soil and weeds management regimes (till-
age or no-tillage) and the type of pest management and nutrition technologies 
applied (organic vs conventional farming). A soil conservation engineering study 
carried out on hilly areas in South-East China showed that highly biodiverse soil 
covers, with native plant communities, improved the sustainability of Citrus sp. 
crops and their resilience to thermal stress in the hot-dry seasons, by increasing soil 
moisture and reducing erosion (Chen et  al. 2004). When studying organic citrus 
orchards in Sicily (Italy), in comparison with conventional management, Canali 
et al. (2009) found that organic soils had a higher content of all the organic matter 
pools, increasing the carbon supply for soil metabolic processes. Similarly, organic 
citrus orchards in Brazil showed higher levels of microbial activity and mycorrizal 
biodiversity (Franca et al. 2007).

The above- and belowground biodiversities have to be considered as dynamic 
structures. Their status, including the interactive relationships among different 
organisms, may change in a short time, depending on many external factors, includ-
ing those with a social or economic nature. Olive orchards provide a significant 
example of a traditional, environment-protective culture, given olive trees adapt-
ability and productive capacities even in the most difficult environments, often inte-
grated in a diversified crop environment. Olive, through the income and other social 
benefits provided, sustains social and cultural traditions in many areas along the 
whole Mediterranean region. The recent outbreak of a severe pathogenic bacterium, 
Xylella fastidiosa subsp. pauca in Apulia (Italy) on olive and other plants such as 
oleander, cherry, myrtleleaf and rosemary, revealed its vulnerability in relation to 
external factors such as the globalization of commerce and mobilization of plant 
materials. Further X. fastidiosa subsp. multiplex and other strains have been detected 
also in Southern France in Corsica and the Baleary Islands, also in this case likely 
due to imported, asymptomatic ornamental plants (Legendre et al. 2014; Loconsole 
et al. 2016).

The introduction of new crop plants or ornamentals (i.e. Polygala myrtifolia) for 
commercial purposes in Apulia and other Mediterranean regions induced a shift in 
the environment biodiversity levels in the recipient space, due to the associated 
invasive species. The bacterium was undetected until disease field transmission to 
highly susceptible olive trees and/or other plants became evident. Transmission 
occurs by an indigenous endemic hemipteran, the polyphagous splittlebug Philaenus 
spumarius. This species had a secondary importance as herbivore, but became an 
important pest due to its newly acquired vector status (Saponari et  al. 2014; 
Loconsole et al. 2016). The olive disease complex (Martelli et al. 2015) occurred in 
spite of the pathogen detection, and of the media and institutional follow-up, includ-
ing GPS-based epidemics tracking and monitoring seehttp://webapps.sit.puglia.it/
freewebapps/MonitoraggioXFSintesi/).
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The change in the olive crops biodiversity in Apulia produced an outcome highly 
disruptive, and most demanding efforts concerned the slowdown of the northbound 
epidemic spread, since the pathogen decimated thousand olive trees, in some cases 
more than a century old and central to a traditional social system. The crops in this 
case could not show any resilient response, although genetic resistance has been 
recently identified and proposed as a possible remedy to an otherwise disastrous 
situation.

In a general perspective, biodiversity levels at global and local scales interact in 
a complex way, as different gradients are present for the above- and belowground 
species. When an evaluation about the effects of changes in habitats and ecosystems 
functioning is required, these gradients need to be identified also in relation to the 
habitats locations, the services produced and the density changes of the organisms 
involved. Plant species numbers and diversity have a strong impact on the soil com-
munities and related biodiversity, as plants i) provide a fundamental functional link 
between the two habitats and ii) react to the many feedback mechanisms character-
izing the interactions with, and within, other functional groups (i.e. herbivores, 
symbionts, decomposers). Plants thus are the main driver affecting nutrients cycles, 
resource use and availability. Although the effects of drivers such as energy flow and 
water availability on the above- and belowground diversities have not been com-
pletely elucidated, they are considered to act on the two habitats with different 
mechanisms and weights. The complexity of these relationships also depends on the 
network of indirect or feedback effects linking functional groups, acting on different 
space and time scales, including years. Some examples are the impact of aboveg-
round herbivores on plants and, indirectly, on the species composition of other 
belowground herbivores, pathogens and decomposers, or vice versa the effects of 
mycorrhizae and other root symbionts on the composition of aboveground commu-
nities of plants and related feeders. Moreover, above- and belowground biodiversity 
levels differ by several orders of magnitude, as soil communities are more diverse 
and richer in terms of species and functional groups (De Deyn and Van der Putten 
2005).

In this view, monocultures represent extreme and unbalanced habitats. The sever-
ity of the effects of monocultures on wildlife and related biodiversity losses have 
been identified in the oil palm producing countries in Southeast Asia. In particular, 
the growing world demand increased cultivated areas in Indonesia and Malesia, that 
cover more than 3/4 of the total world oil palm production. These countries are also 
home to high biodiversity rich tropical forests and environments, which are mostly 
lost due to conversion to oil palm crops. This situation is the opposite of the diversi-
fied crop environment considered as the less disturbing and most resilient agricul-
tural approach (Lin 2011). Its negative effects promoted the identification of a 
number of mitigation tools and approaches, including a sustainability certification 
initiative, the stakeholder-based Roundtable for Sustainable Oil Palm and other 
mitigation and conservation initiatives (Yaap et al. 2010). In a meta-study on biodi-
versity losses, these authors found that almost 85% of natural forest species were 
lost in the conversion, concerning all vertebrate groups. Invertebrates showed a dif-
ferent response to conversion, with some groups, such as bees, that showed an 
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increase in their species numbers. except the honeybees, with an impact on pollina-
tion. Other invertebrates such as the more specialized, niche inhabiting groups 
showed local extinctions in favour of more generalist, invasive species (Yaap et al. 
2010).

20.3.2  Deforestation

Main factors responsible for deforestation are the burning for conversion of forest 
land to agriculture. Deforestation occurred in the last decades with an impressive 
progression, at the rate of an area equivalent to the surface of a country like 
Switzerland or Austria lost every year (Fig. 20.2). The first pressure underpinning 
these actions is often the loss or decline in productivity in the already cultivated 
tropical soils, due to their biological erosion and to water runoff, flanked by nutri-
ents and soil particles losses. However, the search for new land, and the consequen-
tial destruction of tropical forests (and related aboveground biodiversity and 
services), are only part of a more complex problem, which has its roots also in fur-
ther demographic and social pressures. These include the intensification and expan-
sion of farms related to a growing global demand for food (including additional 
livestock for meat productions), arising from recent urbanization trends, and the 
forest clearing for the production of export-oriented, commodity tree crops (Sanchez 
et al. 2005).

Fig. 20.2 Satellite image showing alternated deforested areas in Rondonia (Brazil). Scale bar = 
50  km (Image available on April 11th, 2017 at https://www.google.it/maps/@-10.450878,-
63.882636,613895m/data=!3m1!1e3)
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The fallow period that characterized the conventional slash-and-burn practice of 
poor rural or indigenous communities in the Tropics was considered enough to 
ensure, on a decadal scale, the restoration of the original soil biodiversity levels, 
after initial induced fluctuations of soil bacteria (Adeniyi 2010). Of much more 
concern is the replacement of the forest environment with more intensive crops and 
a reduced fallow period, or the more intensive, trade-oriented monocultures with no 
or minimal fallow, which determine severe biodiversity losses (Fig. 20.3).

Although the latter situation represents an extreme and mostly irreversible evolu-
tion of the forest ecosystem, it is possible to identify alternative land conservation 
and exploitation systems for small farmers, allowing the conservation of soil fertil-
ity and biodiversity, by saving the farmers income. A number of policies aiming at 
ecosystem rehabilitation, reforestation, sustainable tree crops productions resulted 
in an increased soil productivity and in the reconstruction of habitats. Considering 
the wide range of agroecosystems, the several causal factor and processes leading to 
soil degradation and reduction in biodiversity (Lal 1997), it is not possible to have a 
general recipe for such interventions. However, it is generally assumed that social 
and policy-oriented initiatives needed to solve degradation issues should consider 
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Fig. 20.3 A generic scheme showing possible local outcomes of forest clearing. These are: pro-
gressive loss of biodiversity in time, as observed in slash-and-burn clearing for intensive 
commodity- oriented tree crops (red); a resilient reaction, as in the shifting cultivation system 
(slash-and-burn clearing with a decadal fallow, green). In the last case the biodiversity levels are 
restored, approaching those of undisturbed areas (blue), at the end of fallow (Adapted from 
Sanchez et al. 2005)
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acceptable farmer incomes, secure land tenure and ownership, and forest rescue 
initiatives, possibly supported by interested urban communities and environment- 
friendly pressure groups (Sanchez et al. 2005).

The links between changes in soil biodiversity and agricultural intensification are 
not clearly delineated, and in many cases a severe disturbance and biodiversity loss 
may be also observed in poorly managed subsistence agriculture or in extensive 
cropping systems, requiring low intensity inputs (Giller et  al. 1997; Lal 1997). 
However, there are examples showing that a direct relationship occurs, with impacts 
on plant productivity. A functional loss due to changes in belowground biodiversity 
has been documented in tropical soils after their conversion to pasture, in which the 
single survivor earthworm species was found associated to increased levels of soil 
compaction (Fragoso et al. 1997).

Similarly, the positive correlation between biodiversity levels and ecosystem 
functions may not be linear, as situations occur in which only a few species may 
support a number of functions, equal to that of a more biodiversity rich environment 
(Schwartz et al. 2000).

20.4  Conclusions

Knowledge-based soil and natural resource management are fundamental to any 
strategy aiming at restoration or recovery of lost biodiversity levels. Acting on mul-
tiple levels, including the use of multiple species and function restoration plans may 
be required to restore forest ecosystems services. The links between soil biodiver-
sity and aboveground resilience, however, have been only partially studied and 
defined (Aerts and Honnay 2011). Social factors are often the most prominent cause 
of the belowground biodiversity changes encountered. Although a general rule for 
biodiversity management is not available, some basic concepts and the collection 
and use of scientific data may provide helpful clues for sustainable solutions. Given 
soil disturbance and biodiversity erosions are mainly human-driven, the links 
between the economic dimension of the problems and its effects on the success of 
the solutions proposed should be investigated in detail.
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