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Abstract

Issues of degradation of soil and water resources, shrinking biodiversity and low agricultural output in
Sub-Saharan Africa are accelerated by global climate change, worsening struggle for sustainment of
livelihood of a rapidly growing population in Africa within the next decades to come. Additionally,
declining resources of phosphate raw material in quantity and quality needed for fertilizer production
may worsen the situation as modern agriculture is fundamentally dependent on fertilizer usage.

On a global scale, prioritizing SSA, restoration of degraded soil and water resources is inevitable, but
must acknowledge the intensification of agricultural production in SSA in coming decades as a need of
highest urgency. However, with lacking infrastructure and financial restrictions, usage of common
fertilizer by small-scale subsistence farmers in rural areas of developing countries often is low. As soils
in SSA are notoriously deficient in nutrients, and thus often show high P fixation properties, fertility
and hence yields are low in general.

Thermal-treated bone char from recycled animal bones could serve as a low-cost, sustainable, novel P
fertilizer in organic agriculture. Producible on-site from an untapped waste resource, bone char
comprised of biological hydroxyl apatite can be utilized efficiently for enhanced plant P supply by
mediation of mycorrhizal fungi and P solubilizing soil bacteria.

Mycorrhizal fungi serve as a biological soil infrastructure for the exchange of nutrients, water and
information between host plants, strengthening soil biology by enhanced formation of stable SOM
complexes. Consequently, mycorrhizal fungi improve host plant resistance to abiotic stress of drought,
salinity, toxicity as well as biotic stress of pest and pathogen attack along with biocontrol against
weeds, especially in cooperation with other plant growth promoting fungi of the order Sebacinales and
soil bacteria. For their proliferation and facilitation of stable SOM formation in soils, bio char from
woody waste materials is incorporated in the system as another soil amendment. The usage of
biostimulants as an emerging technology for low-cost, rapid enhancement of plant growth can be
utilized as well to ensure stimulation of soil and plant health and fostered biomass production and
crop yields accordingly, to achieve increased productivity and profitability in short transition time.

All measures are integrated in a holistic approach based on interconnected principles of regenerative
agriculture, agro-forestry, system of crop intensification and holistic planned grazing to constitute a
multi-layered, agricultural management system for the productive restoration of degraded land and
water resources, designed for tropical regions in developing countries, focusing on resource-poor
small-scale subsistence farmers in rural areas.

In pot experiments conducted 2018/2019 in Arba Minch, Ethiopia, it was found, that bone char can
serve as an alternative fertilizer material in tested soil and environmental conditions, as biomass
production was increased by +100 % over untreated control of Cajanus cajan. Tested biostimulants
however did not display positive or negative effects on biomass production and seem susceptible to
abiotic stress conditions, especially when soil fertility and certain soil minerals may be lacking.

Concluding, a holistic agricultural system was designed in this conceptual study, enabling farmers to
restore degraded land and water resources while intensifying their agricultural production. By
activation of untapped waste resources, locally available and producible, bone char could serve as an
alternative low-cost, kick-starter fertilizer material to be utilized in soils by enhanced soil life in general,
and mycorrhizal activity specifically. Crop yields could be increased, while degraded soils are rebuilt in
their fertility and value for services of water storage and climate change mitigation.

Author keywords: bone char; bio char; biostimulants; mycorrhizal fungi; regenerative agriculture;
productive restoration.
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Introduction 1

1 Introduction

1.1 Motivation of this work

In latest times, climate change became one of the most discussed issues for humankind. However, it
is just one of major issues of global dimension to be faced by humankind in the next decades. Often
unheard or barely communicated in the public, issues of ongoing soil degradation, shrinking
biodiversity, decline of fossil phosphorus raw materials, low levels of agricultural production in Sub-
Sahara Africa (SSA), coupled with tremendous population growth in the next decades, are likely to
overlap — and to worsen — with changing environmental conditions such as climate change. Potential
effects of this superposition could be —and partly already are — dramatic in their ultimate consequence.
Already today, ethnic and national conflicts for land and water resources and following, displacement
and migration process on the national, regional and global levels as well as political instability in many
regions of the world, are on the rise, with fanatism, terror and war as just the most severe, visible
consequences.

To once again turn tables around and to stop and reverse detrimental anthropogenic impact on the
environment, senseful combination of new insights in various professions of environmental,
agricultural and soil science could create strong synergistic effects, needed for the reversal of the
contrasts of unproductive restoration and degrading agriculture. Instead, the creation of adapted,
holistic agriculture systems for productive restoration of degraded land and water resources can be
facilitated, benefitting people and the environment, again on the local, regional, national and global
level. Here, the acknowledgment of the needs and constrains of foremost targeted, resource limited
people in rural areas in developing countries is crucial to gain acceptance and willingness for any
change, where it may be most needed. Such an exemplary holistic system is designed in this study.

Over the shorter term, producing a sufficient harvest is often a question of financial investment rather
than specific agricultural knowledge, penalizing resource limited farmers. Facing environmental
destruction from decade-long conventional agriculture, state of the art practices should be re-
considered and evaluated for room for improvement, especially in low-yielding regions, struggling to
bear sufficient harvests to nourish its population by quantity and quality.

With shrinking resources, changing environmental conditions and lacking production capacity of food
and feed on hand, directly affected people should not be simply viewed as helpless victims, but as
potential, self-sustaining executives of recently emerging approaches of environmental restoration,
targeting the regeneration of our all very base of life: Fertile soil.

1.2 Organization of this work

In chapter 2, global issues of population growth, soil degradation, change of environmental conditions
and declining mineral phosphate resources and their possible interconnected effects on an already
fragile agricultural production in SSA are highlighted.

Chapter 3 reviews in depth the difficulty of phosphate for agricultural production with special focus on
SSA and addresses bone char as a possible alternative, organic fertilizer material in small-scale
subsistence farming in rural regions. Following, a set of various measures including plant growth
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promoting fungi and bacteria, biochar and trace elements as soil amendments and plant additives with
biostimulatory effect on plant performance are discussed.

In chapter 4, all measures are integrated in a broader holistic approach for adapted agricultural
management with the primary intent to increase efficiency of bone char as a feasible alternative P
fertilizer material and soil P in general as well as to contribute to overall intensification of agricultural
production and restoration of soil status, based on regenerative agricultural management. Here, also
a step-by-step guideline for implementation of the proposed system is presented.

Chapter 5 deals with the experiments performed in this study about soil amendments of bone char
and biochar to constitute alternative fertilizer materials as well as plant additives to serve as
biostimulants for enhanced plant production in rural areas of Arba Minch region, Ethiopia.

Chapter 6 presents a case study of Lake Chamo region, Ethiopia, in which the proposed system is
blueprinted for both small-scale subsistence farmers and commercial banana farmers in the Lake
Chamo watershed.

Chapter 7 summarizes the findings and concepts of this study and is closed by further
recommendations for future research on the topics discussed.
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2 Global issues and aim of study

2.1 Demographic development and agricultural production levels

Global population is expected to rise from around 7.6 billion in 2018 to over 9.9 billion in 2050 (World
Population Data Sheet, 2018). While global fertility rates are declining from 2.5 to 2.2 in the same time
span, they will remain highest in Africa at 3.0 (decreased from 4.5 children per woman in 2015)
(UNICEF, 2014). Accordingly, Africa will have the major share of increasing world population and will
face a remarkable increase of inhabitants, more-than-doubling, from 1.284 billion in 2018 to almost
2.2 billion in 2050, with Nigeria (increase from 195.9 to 410.6 million inhabitants), Democratic Republic
of Congo (increase from 84.3 to 215.9 million inhabitants) and Ethiopia (increase from 107.5 to 190.9
million inhabitants) with the greatest absolute numbers of births in Sub-Saharan Africa (SSA) (UNICEF,
2014; World Population Data Sheet, 2018). Consequently, also the total population density will double
from 39 to 80 people per square kilometre between 2015 and 2050 (UNICEF, 2014). Further, as the
greatest fertility rates are among the least wealthy quantiles of population of African countries in
general, the major population growth can be expected in rural areas of the region (UNICEF, 2014).
However, the share of urban population is expected to increase over time, to more than 56 % in 2050.

The changing relation between shares of urban and rural population could alter the already fragile
balance between food producing and food consuming population, with imposing higher pressure on a
shrinking share of rural people to “feed” a rising share of urban people, with less working force.

When only arable land is considered, population density for SSA countries in 2018 was already at 546
people per km? (World Population Data Sheet, 2018). Doubling population bears extreme and drastic
consequences for food production and food security in SSA potentially, as total area of arable land is
likely to diminish by soil degradation and changing environmental conditions, while overall agricultural
output per area already is low.

Table 1: Change of crop productivity and average cereal yield in comparison of global regions between 2000 and
2016, after The World Bank Group (2017).

Crop production index Cereal yield
Region 2004 - 2006 = 100 kg/ha

2000 2016 2000 2016
World 87.8 128.1 3,089 3,967
East Asia & Pacific 85.4 133.1 3,998 5,071
Europe & Central Asia 93.2 112.3 2,891 3,785
Latin America & Carribean 82.2 134.7 2,852 4,178
Middle East & Northern Africa 80.4 110.0 1,818 2,626
North America 94.7 116.3 5,131 7,368
South Asia 91.5 141.1 2,376 3,132
Sub-Saharan Africa 83.2 135.4 1,182 1,400

Although crop productivity and average yields were improved over the last decades in SSA, total
agricultural output per hectare remains low in global comparison (see Table 1). In the eye of rapid
population growth in the next decades as well as the current low yields per area in SSA, there is strong
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urgency for intensification of agricultural production in order to establish and maintain food and water
security.

2.2 Soil degradation

Soil degradation not only in Africa but globally is a constraining issue for humankind. Soil degradation
can be seen as processes leading to deteriorating ability of the soil to bear harvest of food, feed, fuel
or fibre and to serve for other ecosystem functions of water generation, storage of nutrients and
carbon (C) and a climatic buffer. Those processes include wind and water erosion, decline in soil organic
matter (SOM), decline in soil biology, nutrient imbalances, loss of biodiversity, salinization of soils, as
well as contamination, acidification, compaction, sealing, crusting and waterlogging (Karlen and Rice,
2015). Currently, 24 % of the global land area are considered degraded (FAO and ITPS, 2015).

Ongoing soil degradation on a global scale finds expression indirectly by declining efficiency of nitrogen
(N) fertilizer over the last decades. While in 1960 80 % of N fertilizer inputs were recovered in harvest
output, this value decreased to below 30 % in 2000 (Tilman et al., 2002). Hence, lowered N fertilizer
efficiencies decrease the profitability of agricultural operation and increases the risk of environmental
pollution by excess N. Also, fertilizer consumption varies strongly between different world regions.
While in some regions with almost saturated soils, only removed nutrients are replaced (especially
western countries), in others, soils are charged with nutrients (especially P in Asia), while again in
others, nutrient removal by crop harvest is far outperforming nutrient addition (especially in SSA; see
Figure 1) (FAO, 2013; FAO and ITPS, 2015).
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Figure 1: Fertilizer consumption in nutrients per ha of arable land in gobal comparison (2009), from FAO (2013), p.
16.
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In SSA, the majority of people is still dependent on fuelwood or fuelwood derived materials like
charcoal for primary energy consumption. This led to strong pressure on natural forest areas and
gradual deforestation in most parts of SSA (Rudel, 2013), which contributed to a change in micro
climate and substantial greenhouse gas (GHG) emissions (Pan et al., 2011).

Next for the gain of fuel wood or material for charcoal production, natural forest areas in SSA often
are utilized for expansion of agricultural sites in order to cope with low agricultural yield potential of
existing arable lands. Yet, lowered SOM content of agricultural soils and less dense or only temporally
vegetative cover by agricultural operation leads to higher rates of erosion and loss of soil fertility,
hence contributes to soil degradation processes (Bot and Benites, 2005).

Again, current rates of soil degradation and the diminishing capacity of degrading soils to bear
sufficient harvests for nourishing a growing population demands massive response in terms of soil
restoration approaches and adapted intensification of agriculture in SSA.

2.3 Changing environmental conditions

Global soil degradation contributes to changing environmental conditions like climate change, as GHG
are emitted from mineralized SOM. Precipitation water cannot be retained or infiltrated and stored,
but is drained of in destructive surface runoff, while wind velocities above ground cannot be reduced
by natural vegetation, further increasing drying of the soil and the overall ecosystem, with negative
impact on the micro climate (Kravcik et al., 2007; Liniger et al., 2011).
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Figure 2: Acute water scarcity monitoring in Africa in January 2019 using Falkenmark Index categories (no stress =
>1700; stress = 1000 — 1700; scarcity = 500 — 1000; absolute scarcity = <500 m3/year/capita), from McNally et al.
(2019), p. 6.
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According to recent acute water scarcity monitoring in Africa by McNally et al. (2019), large parts of
northern, eastern and southern Africa are struck by severe water scarcity due to general population
growth and declining annual mean streamflow (see Figure 2).

Following pronounced water scarcity and ongoing soil degradation, agricultural production is expected
to decrease in most parts of Africa until 2050, when compared to current production levels (FAO, 2018;
World Bank, 2010).

Only worsening the threat of food and water insecurity, issues of soil degradation and changing
environmental conditions must be tackled by development of drought resistant, high-intensive
agricultural production systems to intensify agricultural production in SSA, despite difficult soil
conditions typical for the region. Simultaneously, any alternative agricultural system needs to cope
with the strict need of resource-poor farmers to produce a sufficient first harvest within the first season
of implementation or transition. As fertilizer consumption is chronically low in SSA (see Figure 1), as a
starting point, improved soil nutrient content should be considered as a fundamental base for
enhanced food production in SSA.

2.4 Phosphorus as an essential, but fossil resource for global food production

Phosphorus (P) as one of the main nutrients for plant growth, is of essential status for functioning
vegetation and crop growth and in broader view, vital for any proliferation of living organisms
(Amelung et al., 2018; Steen, 1998; Syers et al., 2008). Although P is naturally occurring in soils in
various forms of inorganic and organic P, the concentration of plant available P in the soil solution is
low due to its high reactivity with soil constituents. Replenishment of P by dissolution of inorganic P
and mineralization of organic P and overall desorption of easily bound P, followed by diffusion
processes for transportation towards the receiving roots in the rhizosphere of the plant, is slow and
often not sufficient to meet the P demand of plants (Kirkby and Johnston, 2008; White and Hammond,
2008).

To enable high crop yields, in conventional agriculture the application of P containing fertilizer derived
from acidified rock phosphate is common (Cordell et al., 2009; Steen, 1998). Triple Superphosphate
(TSP) is a water-soluble fertilizer comprised of monocalcium phosphate, which can supply substantial
amounts of immediate available P for plants (Smil, 2000). Anyhow, under strong acidic or alkaline soil
conditions, solubilized P ions can easily adsorb to oxides of iron (Fe), aluminium (Al) or calcium (Ca) or
even precipitate as phosphates accordingly, which again are only slightly soluble (Syers et al., 2008;
Tiessen, 2008). Hence, the handiness and advantage of water-soluble fertilizer over soil P reserves may
easily be diminished in a short time fraction after application in unfavourable soil conditions (Jalali,
2006; Mengel, 1997).

Over the last decades, in many areas of the world, the typical low fertilizer recovery rates by plant
uptake on the one side and rapid P fixation on the other side led to a high P status of soils close to or
above saturation (FAO, 2006; Romer, 2013; Tiessen, 2008). Predominantly this is the case for
developed regions with intensive agriculture practice, as only around 10 to 25 % of added P is utilized
by plants in the first season, while the majority is reversibly fixed in the soil matrix (Johnston and
Poulton, 2019; Syers et al., 2008). In contrast, in developing countries, mostly in tropical regions, where
infrastructure and purchasing power for agricultural goods is often not sufficient, usage of P fertilizer
is much less common, while leaching and erosion of P is intensified by poor agricultural and
environmental practice and intense rainfall characteristics (Smaling et al., 2006). Ultimately,
agricultural soils in these regions often suffer from deficiency or availability of soil P, leading to low
crop yields accordingly.
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Exacerbating the situation, rock phosphate is a fossil, non-renewable resource, with deteriorating
reserves in quantity and quality, estimated to last another 60 to 150 years (Smil, 2000; Steen, 1998;
Vance et al., 2003). The remaining rock phosphates often is of lower quality, as contamination
especially with cadmium (Cd) and uranium (U) is more and more common, leading to impure products
with potentially toxic side effects on the environment (Kirkby and Johnston, 2008; Pinnekamp et al.,
2011; Rothbaum et al., 1979; Smil, 2000).

Humankind will face more and more a decline in suitable P fertilizer supply, while the need to increase
agricultural yields is rising. Alternative pathways for more efficient usage of fossil P resources, P
recycling from waste water and agriculture wastes and enhanced utilization of P loaded soils by
adapted soil and plant management seem inevitable (Cordell et al., 2011; Vassilev et al., 2013).

2.5 Aim of study

All things considered, inorganic P fertilizer can be seen as one of the main foundations for development
of humankind in the 20th century, enabling economic and population growth to today’s levels.
Nevertheless, as high-grade reserves are declining, availability of fertilizers in needed quantities and
quality will become more restricted in the coming decades, especially in developing countries with
already struggling access to sufficient production resources. Yet, in these countries, most of the future
increase of world population will take place (World Population Data Sheet, 2018). Accordingly, the
necessity for increased agricultural production in these regions will be of high urgency. However,
extension of agricultural fields often goes hand in hand with deforestation of already limited forest
stocks and soil degradation, further aggravating the severe consequences of the changing local micro
and the global macro climate and corresponding water cycles (Kravcik et al., 2007). As water resources
are already scarce, drought events and the thereby expected stagnation or decline in agricultural yields
in many of those regions will further exacerbate the struggle for survival (WWAP (United Nations
World Water Assessment Programme)/UN-Water, 2018).

For proliferation of humankind in the decades to come, all those issues of declining resources, soil
degradation, environmental changes and thereby conditioned yield decline need strong respondance
from the world community, as social, cultural, economic and environmental consequences otherwise
could be catastrophically — on region, national, continental, global levels.

Contributing to that cause, in this conceptual study, a holistic approach for productive restoration of
degraded soil and water resources based on regenerative agricultural practice and the usage of locally
available organic soil amendments is developed. In this approach, the decline of resources and
deteriorating environmental conditions in Africa are to be acknowledged as well as the urgent need
for fast transition and economical sound practice.

Concluding, the overall aim of the approach is the rapid transition towards regenerative, organic
agriculture, intensified in its production capacity by quality and quantity, without creating further
dependency on external, fossil production goods, while degraded land, water and biosphere resources
are restored in their functionality, diversity and sustainability.

As a key starting point for transition, agronomic measures to increase P supply to plants from
unavailable soil reserves and organic P fertilizer materials are reviewed and integrated into the holistic
system. Further, other suiting soil and plant amendments as well as regenerative management
practices are integrated to further increase efficiency of soil P utilization in general as well as to enable
agricultural intensification and resilience to biotic and abiotic stress. Based on comprehensive
literature review and pot experiments performed in 2018/2019 in Ethiopia, an adapted agricultural
management system is designed with specific focus on practicability and realisation in the watershed
of deteriorating Lake Chamo, Arba Minch region, Ethiopia, serving as a case study.
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3 Literature review

It became apparent, that over the next decades, global intensification of agricultural crop production
is a necessity for establishment and maintenance of food security for a growing world population.
Albeit, approaches for intensification may vary for different world regions with different natural,
geographical, climatic, historical and social conditions. Predominately, in places of highest population
growth, namely SSA, immense efforts are needed, as fertile soils and natural ecosystems are degraded
and partly already lost in an accelerating fashion (FAO and ITPS, 2015), resulting in low crop production
efficiency per area of cultivated land in global comparison.

However, many limitations for pursuing development of the conventional agriculture sector in SSA as
well on the global scale lay ahead, of which a decline of fossil P fertilizer base materials in quantity and
quality is only one, even if often overlooked.

Certainly, agricultural food production immensely relays on sufficient soil nutrient supply. Therefore,
to enable access to sufficient plant nutrition in regions so far struggling, new approaches of alternative
P fertilizer materials from recycled organic wastes, or more in general, adapted agricultural
management for utilization of soil nutrients including fixed P reserves, may be suitable approaches in
Africa of nowadays, but also for other regions in the future to come.

Consequently, bone char as such an alternative, renewable P fertilizer is discussed in the following,
including adaptations and additions of the agricultural system to meet the needs of resource-poor,
small-scale subsistence farmers as a functional, economic and ecological sound fertilizer practice,
enabling improved crop production and benefits to other ecosystem services over the short, middle
and long-term.

3.1 Bone char as an alternative P fertilizer in rural small-scale farming

3.1.1 P general

P is an essential nutrient, vital for all living organisms, involved in many physiological and biochemical
processes of plants (Steen, 1998; Syers et al., 2008).

P is abundantly present in soils in substantial quantities in various forms of inorganic and organic P in
the range of 100 to 3,000 mg P*kg™, which translates roughly to about 200 to 6,000 kg P contained in
20 cm of topsoil per hectare (Amelung et al., 2018; Mengel, 1997; Smil, 2000; Tiessen, 2008). Yet, only
a small fraction is solubilized in the soil solution and therefore plant available in the form of Dihydrogen
phosphate (H,P0;) or Hydrogen phosphate (HPOZ™) ions. In fact, several constrains limit P
availability to plants in soils for different reasons, eventually resulting in P deficiency and hence P
limitation of plant growth.

3.1.2 P soil behaviour

P in soils is comprised of inorganic and organic fractions, differing in their chemical composition and
extractability by plants. Inorganic P can be adsorbed to outer and inner surfaces of other soil
constituents like clay minerals, organic matter and oxides of Fe and Al. Also, depending on the P
sorption capacity of the soil, inorganic P can precipitate as phosphates in reaction with Fe and Al in
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acidic or with Ca in alkaline soils, respectively, or can be bound in primary minerals. Organic P is found
in living soil microorganisms and plant and microbial residues, in which it is present as derivates of
inositol hexaphosphate (CH150454P5) (Amelung et al., 2018; Kirkby and Johnston, 2008).

For inorganic P in the soil matrix to become plant available, P can be desorbed from the surfaces of
adsorbent soil constituents by ligand exchange, in which adsorbed P are substituted by hydroxide
(OH™) anions, soil anions like silicic acid (Si0?~) or organic acids including carboxylates of citrate,
malate or oxalate, all competing for the same binding sites. Also, P can be mobilized by these
carboxylates by chelation with metal cations (Fe or Al in acidic, Ca in alkaline soils) that formerly
complexed with P, which then is released in the soil solution as plant available P. Accordingly, P
mobilization is enhanced by increasing OH™ concentration in the soil solution, respectively by a higher
pH value achievable by soil liming (Amelung et al., 2018; Syers et al., 2008).

Dissolution of inorganic P from minerals like apatite is slow in general and considerable only in acidic
soil environments or under strong plant root, microbial or fungi mediated proton and acid release, as
under the influence of high H*, but low Ca?* and OH™ concentration (Koele et al., 2014; Mengel,
1997).

Concentration of organic acids, including humic and fulvic acids, can be enhanced by decomposition
of added organic matter to the soil and by the inoculation of P solubilizing microorganisms, producing
organic acids (Alori et al., 2017; Kirkby and Johnston, 2008; Mengel, 1997; Parfitt et al., 1975; Schaller
et al., 2019; Sharma et al., 2013).

Organic P contributes to the P ion concentration in soil solution through decomposition and
mineralization. Hydrolysis of organic P is induced and mediated by the release of enzymatic
phosphatase from plant roots, P solubilizing bacteria and arbuscular mycorrhizal (AM) fungi in
response to P deficiency (Alori et al., 2017; Feng et al., 2002; Kirkby and Johnston, 2008; Richardson
and Simpson, 2011; Vance et al., 2003) and can be essential for P supply in highly weathered, tropical
soils deficient in Ca and Si, resulting in low pH and high P fixation characteristics (Barrow et al., 1977;
Mengel, 1997).

When fertilizer rich in P is added to the soil, bacterial activity can be enhanced, depending on the C:P
ratio of added fertilizer substrate and SOM content of the soil in general. As microorganisms take up P
and utilize it in their metabolism, at least temporarily, considerable amounts of added P can become
immobilized and therefore plant unavailable (Marschner, 2008). Only after decay of the
microorganisms, P becomes available in the soil matrix again (Mengel, 1997).

The removal of solubilized P from soil solution by plant uptake in the rhizosphere creates a steep
concentration gradient between the depleted root zone and the bulk soil, which drives the slow
process of diffusion transporting soluble P along the gradient towards the lower concentration. This
process is highly dependent on sufficient soil moisture and favourable, porous, non-compacted soil
structure, thus can be very slow in dry or compacted soils, often not able to meet plant demand of P
under these conditions (Bolan, 1991; Kirkby and Johnston, 2008; Mengel et al., 2001).

Due to its high reactivity in soil, once solubilized, P can easily again be re-adsorbed or re-fixed in the
soil matrix (Syers et al., 2008; Tiessen, 2008), depending on the pH value, the P buffer capacity and the
equilibria between the different P pools in soil, when diffusing through the soil matrix. Hence, many
soils contain considerable amounts of total P, but are deficient in its plant available form, limiting plant
growth.

The different P pools in soils can be distinguished by the plant availability of contained P fractions.
Immediately available P in soil solution is considered as the first P pool. The second pool of soil P is



Literature review: Bone char as a novel P fertilizer 10

constituted by readily available P, adsorbed on the surface of soil constituents (clays, SOM, soil
aggregates), which is in equilibrium with the first pool. When the P concentration in the soil solution
drops due to plant uptake, it can easily be transferred into solution. The P buffer capacity, and hence
the critical “active” P supply ability of soils to keep P in solution by immediate replenishment of
removed P, is determined by these first two P fractions and decisive for adequate plant growth over
the short-term. Over time, adsorbed P can diffuse into internal structure of the adsorbent and becomes
absorbed accordingly, while the vacant binding site on the outer surface can again bind additional P.
This occlusion results in a much less plant extractability of absorbed P, comprising the third P pool
fraction. The last P pool distinguished shows very little extractability of P and is mostly constituted of
P precipitates of Al and Fe or Ca and mineral P. In calcareous soils with a higher pH, P can easily
precipitate in reaction with Ca as Octacalcium phosphate (OCP). Similar, in acidic soils, quickly after
application, P from water-soluble fertilizer can become fixed by Fe or Al (Parfitt et al., 1975). This P
pool only can be accessed for P supply over long time periods or by corresponding effects of alteration
of soil conditions and enhanced activity of soil biology in the rhizosphere of plants (Kirkby and
Johnston, 2008; Syers et al., 2008) (see Figure 3).
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Figure 3: Conceptual diagram for soil P pools, categorized in terms of their P availability for plant P supply. Wibbing
(2020), adapted from Johnston and Poulton (2019), p. 9.

As the P concentration in soil solution is low in general and quickly depleted in growing stage of plants,
while only slowly replenished, water-soluble, inorganic P fertilizer are used in conventional agriculture
in order to maintain critical P supply for crops.

3.1.3 Conventional P fertilizer

Inorganic fertilizers like TSP containing mostly water-soluble monocalcium phosphate are produced
from sparingly soluble mineral or sedimentary rock phosphates by acidification with sulfuric or
phosphoric acid, reaching a P content in the final fertilizer product of around 20 % (FAO, 2006). Average
concentration of P in the source material is low, therefore high quantities are needed. This is coupled
with the generation of phosphate gypsum as a substantial waste stream to be disposed, containing
most of the toxic elements from the source material with potentially hazardous effects on the
environment (Smil, 2000).

Applied to the soil, inorganic P fertilizers release plant available P ions into the soil solution in contact
with water, which is taken up in the rhizosphere and utilized in plant growth and maintenance (White
and Hammond, 2008).
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In contrast, organic fertilizers are derived from residues of animal farming and slaughtering, from
composting of crop residues or utility plants or from treatment of wastewater, all representing a
renewable P source from waste streams. However, as only small fraction of organic fertilizer is directly
plant available, first the organic matter needs to undergo decomposition and mineralization in the soil
matrix. To enable these microbiological processes in the receiving soils, C status of soils should be
managed by co-application of decomposable C sources and enhancement of C content in soils through
stable SOM formation induced by adapted management in general (Amelung et al., 2018; Bot and
Benites, 2005).

Today’s agriculture is heavily dependent on fertilizer application (Cordell et al., 2009; Smil, 2000). In
many acidified soils with little content of organic matter, fixation of P is strong, which makes only a
minor fraction of the added total P plant available for a short time period after application. In long-
term experiments, Johnston and Poulton (2019) found, that only around 13 % of added P fertilizer
would be utilized in the first two P pools, in plant available form, thus contribute directly to crop
production. The large majority of P was fixed in the plant unavailable P pools, significantly reducing the
short-term efficiency of P fertilizer in non-saturated soils. However, in contrast to former common
understanding, this fixation in the soil matrix is majorly reversible, increasing the P recovery efficiency
of inorganic fertilizer up to 90 % over a lengthy time scale, when post-application season effects are
considered (Barrow, 1983; Hernandez et al., 2005; Jalali, 2006; Kirkby and Johnston, 2008; McDowell
and Sharpley, 2003; Smil, 2000; Syers et al., 2008). However, the recovery rate of applied P fertilizer is
highly depending on soil conditions, activity of soil biology and plant management and selection and
can remain low, especially in economic terms.

Nevertheless, this “underutilization” of applied P fertilizer led to accumulation of substantial P loads
in most soils under intensive agriculture practice near to or above the saturation point (FAO, 2006;
Romer, 2013; Tiessen, 2008) and is shifting the economic output from the costly input over many years
into the future. In regions with highly limited purchasing power or adequate infrastructure (e.g. SSA),
P fertilizer consumption therefore can be uneconomically and thus is low in general, which contributes
to soils deficient in plant available P and low agricultural production (FAO and ITPS, 2015; Smaling et
al., 2006; Steen, 1998). However, as demand is rising and high-quality resources are running low, a
decrease in prices, and thus better availability in SSA, is not to be expected in the future.

Phosphate containing ore is a fossil, non-renewable resource, with limited reserves and resources
mainly in Morocco, China, USA and Russia. Studies on the existing global P reserves vary, as global
reserves (mineable with current technology and costs) are stated to last between 60 and 150 years
under current extraction rates (Smil, 2000; Steen, 1998; Vance et al., 2003). Anyhow, it is clear, that P
is a non-substitutional, fossil resource, highly needed for food production. As the world market is
dominated by only a few producer countries, fertilizer prices also are under influence of political
agendas and instability, market restrictions and trade disputes (Cordell et al., 2009). Furthermore, it is
evident, that quality of rock phosphate reserves is declining, while costs for mining, processing and
waste disposal are increasing, leading to increase in contamination and prices of fertilizer (Pinnekamp
et al., 2011; Smil, 2000).

As reserves of high-grad rock phosphate are more and more depleted, declining fertilizer quality by
increasing contamination with toxic heavy metals (e.g. Cd) and radionuclides (e.g. U) is reason for
concern, thus limits of toxic elements contained in fertilizer were set (Smil, 2000). Although U is not
likely to be taken up by plants, it can accumulate by long-term fertilizer application in the topsoil and
be transported by erosion or leaching into corresponding water bodies with potential hazardous
effects on aquatic life or drinking water (Kirkby and Johnston, 2008; Rothbaum et al., 1979). In the case
of Cd, plant uptake mainly seems to be driven by soil pH. It was shown, that the Cd uptake of crops can
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indeed be enhanced, when inorganic P fertilizer containing Cd was applied over long-term to acidic
soils (Nicholson et al., 1994).

Another environmental issue arising from intensive usage of inorganic P fertilizer is the increasing
nutrient concentration of P in water bodies, contributed by the nutrient flow from overfertilized
agricultural soils towards water bodies by erosion, causing eutrophication (Kirkby and Johnston, 2008).

Therefore, high soil P content and regulating framework limit the surplus application rates of P fertilizer
in industrialised countries (Kratz et al., 2010), as often only light application of P fertilizer is needed to
replace the P lost in harvest in P loaded soils (FAO, 2006). Nevertheless, global fertilizer demand is
expected to increase, as global population continuously increases and diet habits are changing towards
a more P consuming meat and dairy based diet in course of economic growth and wealth development
in many parts of the world, e.g. urban areas of SSA, India and China (Cordell et al., 2009).

A decrease of P consumption could be achieved socially through change towards a less meat and dairy
based diet and technically through more efficient fertilizer application, utilization of loaded P reserves
in agricultural soils, change of agricultural system with plants adapted to P deficiency and activation of
alternative, re-usable P sources from waste streams, such as struvite, humanure, sewage sludge or
slaughterhouse wastes (Cordell et al., 2011, 2009; Szymanska et al., 2019; Vassilev et al., 2013).

Anyhow, as P is one of the most important resource for the existence of humankind, new approaches
have to be developed to minimize the dependency on a fossil, declining resource. In accordance with
needed efforts for improved recycling of P containing organic wastes, there is strong agreement, that
enhanced utilization of soil P reserves can support sustainable P usage for secured global food
production in the future (George and Richardson, 2013; Mengel, 1997; Vance et al., 2003).

3.1.4 Conventional P fertilizer in Sub-Saharan Africa

Soils in SSA are highly variable in their composition and properties. Soils can often be highly weathered,
strongly acidic or alkaline and high in clay contents dominated by kaolinite. Generally, due to rapid
mineralization or lack of biomass production, SOM fraction of most soils is low, which contributes to
poor soil structure and low nutrient availability or content, especially of P and N (Bot and Benites,
2005; FAO and ITPS, 2015).

When mobile base anions of Ca, magnesium (Mg) and silicon (Si) are leached from those soils, acidity
often is high, enhancing mobility of Fe and Al. In contrast, in calcareous soils, Ca is readily available. In
both cases, overall P fixation capacity in plant unavailable form can be high and occurs rapidly after
fertilizer application, reducing the short-term P use efficiency of fertilizer materials measured as
recovered P in plant biomass from fertilized soils (Hernandez et al., 2005; Jalali, 2006; Smil, 2000; Syers
et al., 2008). Therefore, in order to increase plant available P in soil solution, applied rates of P fertilizer
must do both, gradually saturate P pools of soils over time and increase readily available P in the soil
solution for direct plant P supply, simultaneously. Only after saturation of P fixation capacity of soil,
needed P fertilizer quantities can be reduced without affecting crop yields negatively (Helfenstein et
al., 2018). Accordingly, recommended P fertilizer rates for P deficient soils under intensive cultivation
can be high, in the range of 150 to 170 kg P per hectare (Mengel, 1997).

Further, to fully utilize P fertilizer in their effect on plant growth, supply of N and K as well as
micronutrients also needs adequate management (Amelung et al., 2018). However, due to ongoing
soil degradation with shrinking SOM contents on a global scale (FAO and ITPS, 2015), N fertilizer use
efficiency (measured as the ratio of output N in crops and input N in soils) is declining as well, from 80
% in 1960 to below 30 % in 2000 (Tilman et al., 2002). Hence, to obtain the same crop yield, higher
guantities of fertilizer need to be added, as a larger (and increasing) fraction is lost by volatilization or
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leaching. The immediate P use efficiency may also decline due to higher rates of P fixation by shrinking
organic matter content in most soils, as results from Johnston and Poulton (2019) indirectly indicated.
Concluding, when the capacity of readily available P pools in soils cannot be maintained due to decline
of SOM content (e.g. induced by conventional agricultural management), then again, more P fertilizer
must be added for the same P supply to plants as the equilibrium of the soil matrix may be shifted
towards P fixation. Other way around, if SOM content is gradually increased (as in regenerative
agriculture systems), then the ability of soils to supply P to plants from hardly soluble P materials may
be increased and may reach the critical P value for optimal plant growth, as the equilibrium can be
shifted towards P solubilization. However, if not lost due to erosion processes, fixed P remains in soils
in reversible form and can be gradually utilized over the long-term (Johnston and Poulton, 2019; Syers
et al., 2008).

While industrialized countries with a history in intensive agricultural production loaded most of their
soils at or above saturation point in the past decades (FAO, 2006; Romer, 2013; Tiessen, 2008),
developing countries often lack the fertilizer capacities to balance nutrient removal by crop
production, hence are mining their soil resources as soil nutrient balancing shows (FAO and ITPS, 2015).

These effects only add to the relative high costs for conventional fertilizers in regions of SSA, which
were found to easily multiply by several folds, depending on the distance covered between place of
exportation and final usage (FAO and ITPS, 2015; Sanchez, 2002). Here, fertilizer markets are
underdeveloped, while infrastructure often is poor, especially in rural areas. Resource-poor
subsistence farmers also often lack the financial capacity for purchase of inorganic fertilizer products.
Considering the declining resources of P base materials and possible price increases in the world
markets, without an immense financial investment by governmental bodies in the foreseeable future,
conventional P fertilizer seem almost inaccessible for a majority of small-scale farmers in rural areas
of developing (landlocked) countries.

3.1.5 Alternative P fertilizer materials

As the usage of conventional P fertilizer materials seems not likely for a major fraction of African
farmers, alternative P fertilizer materials and adaptation of the agricultural system may be more
suitable for needed agricultural intensification, while demand of local availability and feasible
economics can be met, without costly and time-consuming investment neither by user nor
governmental bodies.

In recent years, P recycling from waste water treatment became focus of study, with Struvite being a
valid substitute for conventional P fertilizer, with similar properties as TSP, enabling enhancement of
plant growth (Cabeza et al., 2011; Kratz et al., 2010; Rémer, 2013). Also, sewage sludge from
wastewater treatment is considered as a possible P recycling material, but can contain toxic loads of
heavy metals and organic pollutants (Pinnekamp et al., 2011). As one of the main resources for
recycled P, resource-oriented wastewater treatment is a crucial key stone for overcoming
dependencies on fossil P resources in the future. Where infrastructure for centralized wastewater
treatment is lacking, as in many urban and almost all rural areas in SSA, low-cost resource-oriented
sanitation may rather contribute to P recycling from wastewater than high-tech solutions. Pit latrines
and sewage tanks can be used for collection of compostable, nutrient rich excrement substrate. As a
general, more convenient approach, Terra Preta Sanitation (TPS) offers decentralized, mobile
sanitation devices on the household level, designed to safely collect and treat human excreta for
following composting (De Gisi et al., 2014; Factura et al., 2010). Anyhow, progress of introduction and
implementation is slow and often lacking acceptance among potential users as sanitation is often
considered as a critical topic for cultural reasons.
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To gain adequate amounts of fertilizers from resource-oriented wastewater treatment for substantial
impact of nutrient supply, again large investments would be required from governmental bodies and
policy makers.

Concluding, as “external” P materials are hardly available in rural areas, and “internal” P resources of
wastewater are difficult to utilize over the short-term, bone char from animal slaughterhouse waste
may represent a valuable, recyclable, so far untapped P resource, extending available quantities of cow
manure (CM) as the common standard fertilizer in those areas, which is locally available and producible
on-site by small-scale farmers with very little investment costs.

3.1.6 Bone char as a novel P fertilizer

Bone char (BoneC) is an artificial, alternative organic P fertilizer with biological hydroxyl apatite (HA)
as the main P composite from recycled slaughterhouse waste, gaining attention in recent years
(Leinweber et al., 2019; Vassilev et al., 2013). It is derived in the process of pyrolysis from animal bones,
in which the bone biomass is decomposed into volatile, fluid and solid components of BoneC at a
temperature range from 350 to 750 °C, in no or little oxygen conditions (Diekow, 2017), leaving the
inert residue materials in a highly porous structure with a large inner surface area.

The quantity and quality of BoneC varies depending on the process variables of bone material
constituents, age and species of animal, bone pre-treatment (rendered/unrendered), co-pyrolysis of
biomass (e.g. woody material, crop residues, manure), process temperature, heating rate and
residence time (Wu et al., 2003; Zwetsloot et al., 2014). Anyhow, in contrast to water soluble inorganic
P fertilizer, BoneC represents an organic, multi-nutrient, slow-release P fertilizer with benefitting
properties for soil conditions in regards of bulk density and porosity, water storage capacity and
immobilization of toxic soil components such as Cd and U (Leinweber et al., 2019).

Available quantities of bones for significant impact on national P fertilizer supply were estimated to be
substantial for the example of Ethiopia, and could substitute around 50 % of yearly supplies of
conventional P fertilizer (Simons et al., 2014). BoneC, recycled on national, regional and local levels
may be considered as an essential, indigenous material to cover the P gap in developing countries,
supporting needed intensification of agriculture in the decades to come.

3.1.6.1 BoneC chemical composition

Bones contain biological HA, which in comparison to mineral HA in rock phosphate, shows slightly
lower crystallinity, a higher carbonate concentration and a significant OH™ deficiency in the finished
char product, which all results in a better solubility in soils (Cabeza et al., 2011; Saeid et al., 2014;
Zimmer et al., 2018; Zwetsloot et al., 2014). According to findings of Zwetsloot et al. (2014), with rising
temperature, organic P compounds in the raw material were cleaved during pyrolysis and utilized into
the inorganic P fraction, adding to an increased total plant availability of P from high-temperature
BoneC. Additionally, with increasing pyrolysis temperature, the fraction of OCP, a less crystalline
phosphate hence better soluble in water (Mengel, 1997), seemed to decrease in pyrolysed BoneC,
while the formation of HA was increased. This was true for rendered bones (OCP fit of 60°C to 750°C
decreased from 83.4 to 6.2 %, while HA fit increased from 19.7 to 94.9 %; analysed with Phosphorus
K-edge XANES spectroscopy), to a lesser extent also for bones with meat residues (OCP fit of 60°C to
750°C decreased from 71.9 to 33.2 %, while HA fit increased from 0 to 69.3 %), similar to rendered
bones with co-pyrolysis of wood biomass (OCP fit of 220°C to 750°C decreased from 88.8 to 33.2 %,
while HA fit increased from 11.3 to 68.5 %). Only when woody biomass (or crop residues of maize)
were co-pyrolysed with unrendered bones still containing meat residues, the formation of calcium
phosphate (CaP) crystals associated with high HA fraction seemed to be strongly hindered (OCP fit of
220°C to 750°C increased from 67.3 to 89.2 %, while HA fit increased from 0 to 11.6 % only).
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A possible explanation was given as organic acids from the added biomass and meat residues may have
been adsorbed on the surface of the crystals, blocking binding sites no longer able to serve as nuclei
for continued crystal growth. Also, speculated by the authors, the presence of strong metal ions acting
as inhibitors of CaP crystallization, such as ions of copper (Cu), zinc (Zn) and Mg may have reduced
crystallisation, although substantial amounts were not detected (Zwetsloot et al.,, 2014). Similar,
Cabeza et al. (2011) reported higher P availability in soils from added Sinter-P fertilizer in comparison
to regular meat-and-bone ash. The former was produced from a mixture of meat-and-bone material,
sodium carbonate and silica in a rotary furnace at over 1000 °C, while the latter was simply mono-
incinerated at the same temperature range. As Sinter-P is composed of more amorphous calcium
sodium phosphates due to the additive materials than regular meat-and-bone ash, full crystallisation
could be hindered by the same reasons cited in Zwetsloot et al. (2014). Hence, Sinter-P showed a higher
relative fertilizer efficiency as regular meat-and-bone meal, almost as high as TSP under acidic soil
conditions (Cabeza et al., 2011), which again could give hint on better solubility of amorphous OCP
over crystalline HA, as stated by Olsen et al. (1977) and Sposito (1989) cited in Mengel (1997).

This resembles in the findings of a ten-fold higher water extractability of P from high temperature
BoneC with high OCP fraction fit, in comparison to BoneC with a high HA fraction fit. Total P available
for plant growth measured as P extractable by formic acid increased with higher process temperature,
regardless of OCP or HA fraction fit. Although high-temperature BoneC from rendered bones reached
a P mass concentration of 15.2 %, which is comparable to P concentration of inorganic P fertilizer, its
solubility in water is much less with under 1 % directly water-soluble (Zwetsloot et al., 2014).

Concluding, BoneC in general may be a mixture of majorly biological crystalline HA and minor
amorphous OCP with a P content of up to 15 %, a high pH of around 10 and a very low water
extractability, but high total P availability measured in formic acid extraction, all depending mainly on
pyrolysis conditions (Zwetsloot et al., 2014).

3.1.6.2 BoneC Parameters

Additional benefits of BoneC emerge from the increased inner surface area, found to be between 42
and 114 m?/g (Leinweber et al., 2019), which can serve as a protected habitat for soil microorganism
and easily exchangeable adsorption sites for soil nutrients, possibly increasing the cation exchange
capacity (CEC) of soils, just like wood biochar (Jin, 2010; Joseph et al., 2010; Postma et al., 2013). Also,
the bulk density and porous structure of a BoneC amended soil can be improved, resulting in improved
water storage capacity (Leinweber (2017) cited in Leinweber et al. (2019)). It was further found, that
BoneC can immobilize toxic heavy metals like Cd in the soil by adsorption and overall increase in soil
pH (Morshedizad et al., 2016; Nicholson et al., 1994; Siebers and Leinweber, 2013; Zimmer et al., 2019),
while the content of heavy metals or radionuclides in BoneC itself is almost non-existent in contrast to
inorganic P fertilizer from rock phosphate (Morshedizad and Leinweber, 2017; Pinnekamp et al., 2011;
Rothbaum et al., 1979; Siebers and Leinweber, 2013). Thus, Cd or U contamination from former,
intensive application of inorganic P fertilizer could be countered by usage of BoneC for simultaneously
soil remediation and P fertilization.

3.1.6.3 BoneC Food safety

Bones from diseased cow can contain the transmittable pathogen bovine spongiform encephalopathy.
To prevent spreading, bone and meat meal from slaughterhouse wastes are banned for cattle feeding
by European Union (European Commission, 1994), but nevertheless, products from safe animals are
allowed in organic farming as soil fertilizer (Cascarosa et al., 2012). Anyhow, bones are heat sterilized
during pyrolysis, as already temperatures as low as 200 °C for 1 hour were shown to inactivate the
pathogen (Taylor, 1998). Therefore, BoneC can be considered free of bovine spongiform
encephalopathy, when proper pyrolysis temperatures and duration times are guaranteed.
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Also, when glyphosate contaminated feed or plants are consumed, glyphosate was found to
accumulate majorly in the bone structure of animals (Samsel and Seneff, 2015). However, glyphosate
is easily volatilized by temperatures above 230 °C (Narimani and da Silva, 2019), so it can be assumed,
that BoneC is a glyphosate free material, even from contaminated animal bones, suitable in organic
production.

3.1.6.4 Conclusion: BoneC

P is a valuable resource, on which all agriculture production relays fundamentally. Challenging soil
conditions, declining resources in quantity and quality of fossil P and changing environmental
conditions affect agricultural practice and hence crop yields globally. Alternatives of organic fertilizer
like BoneC from recycling waste streams possess interesting properties and could lead the way to a
more closed, sustainable P cycle in agriculture, especially in low-input practices in rural areas of
developing countries, with limited resources and restricting infrastructure.

BoneC can serve as a safe, renewable, multi-purpose soil amendment for enhanced nutrient supply of
P but also Ca and Mg with additional benefits on soil fertility, namely soil life activity, water storage
capacity and immobilization of toxic heavy metals. The slow release characteristic of P may be more
suitable for meeting P demand of plants in a prolonged growing phase, typical for grasses, grains or
perennials (Leinweber et al., 2019; Siebers and Leinweber, 2013) and prevention of P losses by leaching
and erosion. In acidic soils, BoneC is more soluble due to high H* concentration, which again increases
OH™ concentration in the soil solution in this process (Mengel, 1997). Following, this may contribute
to soil pH increase and hence improved P status of the soil by desorption of fixed P. In alkaline soils,
BoneC is less soluble, hence may be less efficient in supplying P for crop uptake.

Anyhow, fertilization practice needs to meet functional, ecological and economical demands in
intensive annual crop production and acceptance of farmers. A short-term enhancement of yields
seems crucial for introduction of any alternative agriculture system, especially in regions with limited
financial resources and thus, high pressure to secure the daily livelihood. Therefore, plain application
of BoneC without adaption of the agricultural system seems not sufficient due to slow release of P.

BoneC is not fully recommended as a general P fertilizer for conventional agriculture system (Zimmer
et al., 2019), but may be useful as an effective alternative to inorganic P fertilizer after pre-treatment
or under certain soil and environmental conditions, occurring naturally or being facilitated by adapted
agricultural management as shown in the following chapters.

3.1.7 Enhanced P availability in soils by agronomic measures

In soils with low levels of readily available P, plants acquired a diverse set of mechanism and strategies
to acquire sufficient nutrition. Certain agronomic measures may support plant in their efforts of P
solubilization, depending on soil and plant properties (Horst et al., 2001).

In general, P availability in soils can be enhanced by the addition of organic matter, e.g. by addition of
farmyard manure or crop residues. Firstly, contained P can be mineralized and used for plant growth.
Secondly, by release of organic anions during decomposition of organic matter, P can be desorbed
from binding site of soil constitutes and made available in the soil solution (Guppy et al., 2005; Kirkby
and Johnston, 2008).

Diffusion processes of P in the soil solution are dependent on stable soil moisture content and a well-
structured, non-compacted soil (Bolan, 1991; Kirkby and Johnston, 2008). Favouring conditions for
high mobility of P can be achieved by minimal- or no-tillage operation and maintenance of a soil cover
by vegetation or mulch (Syers et al., 2008). Further, enhanced levels of SOM showed general
improvement of soil condition and fertility, such as increased soil water storage capacity, lower bulk
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soil density with larger porous space, more active soil life and higher buffer capacity for cations and
anions such as P in soil solution, all resulting in elevated P levels and mobility in soils (Bot and Benites,
2005).

Root growth is favoured by these conditions, which again increases plant P acquisition by improved
soil exploration (Kirkby and Johnston, 2008). Elevated NH} supply to plants either by application of
fertilizer, organic matter or cultivation of N, fixing legumes can also lead to increased P solubility by
acidification of soils due to proton release from nitrification of NHJ or balancing of charge following
plant cation uptake (Amelung et al.,, 2018). Regardless, this management practice can only be
considered supportive in alkaline soils, as otherwise pH can drop too low and again immobilize P and
other trace elements, while Al can be freed in toxic levels. The other way around, when the soil pH is
increased by liming, adsorbed P can be freed and thus becomes better available by plants. A pH range
of 6.5 to 7.5 is considered ideal for optimal P supply (White and Hammond, 2008).

The adaption of the planting and cropping system towards P deficient soil condition seems to be an
important factor for increasing P availability, as was shown for Cajanus cajan (Ae and Okada, 1993)
and Lupinus albus L. (Horst and Waschkies, 1987), which both in comparison to non-adapted plants
were able to gather considerable amounts of P from soils deficient in plant available P by adapted root
mechanisms.

When experiencing deficient P supply, it was found that plants increase the root biomass by enhanced
transport of photosynthesis products to the root system in order to more effectively scavenge the soil
for P. In this course, increased growth of adventitious, lateral roots in the topsoil was observed, as well
as a higher density and length of root hairs in P rich areas. Under P stress, roots tend to be finer and
less in diameter to access finer soil pores and to reduce the C cost for exploring distant soil areas (Lynch
and Brown, 2008; White and Hammond, 2008).

Furthermore, fixed P can be solubilized by a variety of plant and microbial induced processes in the
rhizosphere. Firstly, plants and microorganisms can excrete protons to dissolute inorganic P (White
and Hammond, 2008). Secondly, plant roots can excrete C compounds to increase microbial activity of
P solubilizing soil bacteria and AM fungi in direct proximity to P containing soil constituents (Morgan
et al., 2005), although microbial biomass itself again can take up considerable amounts of P in
competition to plants (Marschner, 2008). Further, roots (Marschner, 2008), specific bacteria (Alori et
al., 2017; Richardson and Simpson, 2011; Sharma et al., 2013) and AM fungi (Feng et al., 2002; Jansa
et al., 2011), all can secrete the enzyme phosphatase, which mediates the hydrolysis of organic P.
Finally, organic anions including carboxylates of citrate, malate or oxalate can be secreted by plants,
competing for binding site with adsorbed P or acting as chelators by fixing adsorbent metal ions in the
soil, which also releases bound P (Mengel, 1997).

When a P source was explored and made available by processes described above, additionally, plants
can upregulate P uptake by producing high affinity P transporters in the root epidermis, so a higher
ratio of P is taken up from the soil solution (Liu et al., 1998).

All those processes and mechanisms can help to increase P uptake of plants, but the most important
factor in increasing P supply in P limiting conditions may be the activity of various soil microorganisms,
namely plant growth promoting bacteria (PGPB) and AM fungi with P solubilization properties, both
which will be discussed in chapter 3.2.

3.1.8 Enhanced P availability of BoneC

Although P availability from BoneC is low due to chemical P characteristics, it still can enhance plant
growth of crops with longer vegetation period substantially, e.g. grasses and grain crops, which tend
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to form an intensive rooting system (Leinweber et al., 2019), more suitable for P acquisition from slow-
release fertilizers. P availability of soils fertilized with BoneC may also benefit from specific plant
selection, crop rotation and intercropping systems (Horst et al., 2001).

In any case, water extractable P may not be the most useful parameter to evaluate the effectiveness
of organic P fertilizer in practice. In highly fixing, acidic soil conditions, Zwetsloot et al. (2016) found,
that P uptake of plants supplied with TSP and BoneC (rendered bones pyrolysed at 750 °C for 45
minutes) differed only significantly, when plants were not colonized by AM fungi. When plants were in
symbiosis with AM fungi, P uptake from water-soluble TSP source and insoluble BoneC was in the same
range, although water extractability of P was 260.5 mg*g™ for TSP and only 0.5 mg*g™* for BoneC (see
Figure 4). These findings may indicate, that when water solubilized P as from TSP is re-fixated rapidly
in challenging soil conditions, then overall P supply to the plant may be majorly depending on
mycorrhizal activity, able to supply P from scarcely soluble fertilizer like BoneC or fixed soil P. Here, it
is hinted, that fertilizer recovery effectiveness can be influenced drastically by activity of soil
microorganisms and soil and plant conditions, not solely by its water solubility.
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Figure 4: Biomass and nutrient uptake of Z. mays after 5 weeks of growth in a highly P fixing soil fertilized with
bone char produced at 750 °C (RB750), bone char and wood biochar co-pyrolyzed at 750 °C (RBW750), Triple
Superphosphate (TSP), and no P additions (O-P). Means and standard error are given (n = 5 except for -RH with n
=2-3): (a) plant P uptake, (c) total plant biomass. On the x-axis, foraging strategy of maize is altered through the
absence of root hairs (-RH), the presence of root hairs (+RH) and the presence of root hairs and addition of AM
inoculants (+RH + AM). Different capital letters indicate significant differences (p<0.05) between treatments as
determined by student’s t-test, from Zwetsloot et al. (2016), p. 101.

Further, certain soil bacteria with P solubilizing abilities can be inoculated to soils to increase P
availability from insoluble P sources (Alori et al., 2017; Saeid et al., 2014; Sharma et al., 2013), while a
BoneC particle size between 0.5 and 1 mm was found to maximize release of P, according to findings
of Morshedizad and Leinweber (2017). Therefore, P availability of BoneC in the rhizosphere may be
increased by specific plant selection and management, enhanced soil life activity of beneficial soil
microorganisms and fine granulation to levels similar of inorganic, water-soluble P fertilizer. This could
enable a competitive, sufficient P supply from contaminant free, renewable, locally available P fertilizer
with an adapted soil and plant management, designed for enhanced utilization of BoneC and residual
soil P in general.

Moreover, to overcome dissolution of P, especially in neutral or alkaline soils due to high
OH™ concentrations, BoneC can be enriched with sulfur (S), e.g. by using BoneC as a biogas
desulfurization agent before application as fertilizer to soils (Morshedizad and Leinweber, 2017
Zimmer et al., 2019, 2018). In this pre-treatment, hydrogen sulfide (H,S) from the biogas stream is
bound towards the BoneC surface and thus can be oxidized in the soil by various microorganisms. This
oxidation leads to the formation of sulfuric acid (H,SO,), causing a decrease in pH in close proximity
to the BoneC particle in the soil, which again increases P solubility of BoneC (Zimmer et al., 2018). A
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higher P solubility from S enriched BoneC compared to untreated BoneC was confirmed in recent
studies (Morshedizad et al., 2016; Morshedizad and Leinweber, 2017), which may result in an elevated
apparent nutrient recovery efficiency of 10 to 15 % for S enriched BoneC, almost as effective as TSP (>
18 %) and significantly higher as untreated BoneC (< 3 %) (Zimmer et al., 2019). Hence, as the authors
concluded, pre-treated BoneC by S loading can serve as a multi-element fertilizer containing P, Ca and
S, almost as effective in P availability as TSP, but from a renewable resource, not contaminating the
soil.

3.1.9 Conclusion: Adaption of agricultural system for utilization of BoneC and fixed
soil P

Although plants developed a set of various measures to counteract P deficiency, in intensive
agricultural practices, the application of inorganic P fertilizer from fossil reserves to increase P
concentration in soils is still an essential practice to secure global food production. Yet, due declining
reserves of P fertilizer and its uneconomical, non-efficient and wasteful management practice in many
parts of the world, a revision of agricultural practice seems urgent.

An alternative agricultural system, designed to facilitate P uptake from hardly soluble external
materials as well as plant unavailable, fixed soil P by a diverse set of methods could be a suitable
foundation. Methods of enhanced P supply in strongly fixing soil conditions could include nurturing of
P solubilizing AM fungi and bacteria (see chapter 3.2), enhancement of stable SOM levels in soils and
liming by biochar (see chapter 3.3) and a regenerative agricultural management system in general (see
chapter 4.1).

In the case of SSA, where fertilizer consumption is on a global low for various reasons, great potential
may lay in the utilization of locally recycled P materials like BoneC, which in combination with AM fungi
could supply sufficient quantities of P to plants, even in non-saturated soil conditions of high P fixation
capacity as shown by Zwetsloot et al. (2016). Hence, high costs for conventional fertilizers could be
avoided, if accessible at all. This way, resource-poor small-scale farmers would be able to improve the
P availability in their operation and could intensify their production.

Nevertheless, this process should not be restricted to developing countries only. At some point in time,
also in industrialised countries with high soil P levels, these P resources will have to be mined through
adapted agronomic measures, of which nurturing of AM fungi may be one of the most important.
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3.2 Plant growth promoting fungi and bacteria

A broad range of diverse soil microorganisms bear capabilities of plant growth promotion, including
properties of enhanced P solubilization and supply. In the following, the most important soil
microorganisms in this regard are discussed.

3.2.1 Mycorrhizal fungi

3.2.1.1 Basics: Mycorrhiza

Mycorrhizae are biotrophic fungi present in most natural soils, obligately engaging in symbiosis with
host plants (Fitter et al., 2011; Smith and Read, 2008). The symbionts normally form a mutualistic
relationship through fungal colonisation of the plant roots. In exchange of mined nutrients and water
resources from the soil, AM fungi are rewarded with carbohydrates from photosynthesis of the host
plant. A benefit for both partners can be created, but depending on bidirectional adaptability of fungi
and plant species and their specific cost-to-benefit ratio, the symbiosis can also become one-sided,
hence parasitic (Smith and Read, 2008).

Belonging to the phylum of Glomeromycota, mycorrhizal fungi types can be distinguished by their
specific morphology (Redecker and Raab, 2006). The most essential types in terms of agricultural
cultivation are ectomycorrhiza, commonly hosted by woody perennials, and endomycorrhiza, which
can colonize a large majority of global plant species. Further, the most well-received member of the
latter type is the arbuscular mycorrhizal (AM) fungus, which is exclusively discussed in this study due
to its widespread occurrence in diverse ecosystems around the world and ability to colonise a broad
set of plant species, annuals as well as perennials (Smith and Read, 2008).

In many studies, deeper knowledge about AM fungi symbiosis was gained. Remarkably and often seen
as the fundamental terms of symbiosis, AM fungi can enable sufficient nutrient supply (especially P) in
challenging soil conditions of low-nutrient availability (Fitter et al., 2011; Smith and Read, 2008) or
abiotic stress conditions, such as salinity (Evelin et al.,, 2012; Rabie and Almadini, 2005), drought
(Neumann et al., 2009) or toxic soil constituents (Alori and Fawole, 2012). In such conditions, the
widespread, spacious mycelium of AM fungi can represent a substantial extension of the actual root
system, activating a much larger soil volume for sufficient nutrient and water supply (Jansa et al., 2011,
Smith et al., 2011).

3.2.1.2 AM fungi morphology and development

Host plants can be colonised by AM fungi through asymbiotic or symbiotic infection. In the former
case, a new symbiosis is established through infection by spore germination or fragments of mycelium
or detached mycorrhizal roots, all serving as infectious propagules (Smith and Read, 2008). In the latter
case, mycelium of an existing symbiosis is expanding in the soil matrix and infects neighbouring plants,
thus the symbiosis is extended and a common mycorrhizal network (CMN) is formed, interlinking
multiple plants of the same or different species, of the same or different age and growth status
(Heijden and Horton, 2009).

Germination of spores is triggered by the excretion of plant signals including strigolactones (Akiyama
and Hayashi, 2006; Smith et al., 2011). The same root exudates support the pre-symbiotic growth of
the fungal propagules towards the hosting roots, so time and distance are shortened until symbiosis
can be engaged (Sbrana and Giovannetti, 2005). In general, mycorrhizal colonisation of plant roots can
be rapid, with as little as 3 to 6 days after seedling emergence (Read et al., 1976). However, if no host
plant is present in the proximity of mycelium propagules, hyphal growth is paused and only continued,
when roots or other compatible hyphae can be tracked. In this state, propagules stay infective for up
to 30 days (Goltapeh et al., 2008).
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As pre-symbiotic hyphae run on the surface of the root, they swell and form the appressorium, serving
as the entrance point into the root. From here, depending on the AM type, hyphae colonize
intercellular root structures to form arbuscules and vesicles inside the cortical cells (Arum type), while
hyphae of Paris types only colonize the intracellular space and form predominantly hyphal coils (Smith
and Read, 2008) (see Figure 5). Only after forming these structures serving as the exchange matrix for
symbiotic products, the fungi can gather carbohydrates from the host for extraradical hyphal extension
into the surrounding soil volume. Before, it is solely dependent on the limited resources of its
propagule (Smith and Read, 2008).

Figure 5: Schematic diagram of root colonization of (A) Arum and (B) Paris type arbuscular mycorrhizal fungi, from
Barker et al. (1998), p. 1203.

Following, the fungus extends its extra-radical mycelium far into the soil, more than 20 cm in distance
of the roots (Jansa et al., 2003; Mikkelsen et al., 2008), far beyond the actual rhizosphere and depletion
zone for nutrients and water acquisition by fine root hairs (see Figure 6). With a diameter of 2 to 20
um, hyphae can access much finer soil pores than root hair (Smith et al., 2010), again increasing the
active, utilised volume of the hyphosphere manifold, while nutrients and water can rapidly be
transferred to roots via the mycelium, bypassing challenging soil conditions (Smith et al., 2011). Also,
excess nutrients can be stored inside the fungal compartments for later exchange, depending on the
offered C quantities (Bolan, 1991; Callow et al., 1978).
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Figure 6: Soil exploration by extraradical hyphae of fungal mycelium after establishment of plant-fungi symbiosis,
from Professor Emeritus David Read, University of Sheffield, UK.

3.2.1.3 Carbon costs for mycorrhiza symbiosis

Allocated photosynthesis derivates from the host plant are utilized by the fungal partner for
proliferation and maintenance of the mycelium. AM fungi may receive 5 to 20 percent of the total C
fixed by the plant in the form of hexose, exchanged at the apoplastic interface of the colonised root
system (Smith and Read, 2008).

Interestingly, high accumulation rates of surplus C in above-ground biomass though can downregulate
photosynthesis (Pego et al., 2000). Accordingly, when plant growth was nutrient limited, Fredeen et
al. (1989) and Qiu and Israel (1992) found enhanced accumulation of C in root tissue of plants, as high
C concentration in above-ground biomass was primarily detrimental for maintenance of
photosynthesis levels (Fitter, 1991). Yet again, the allocation of “stored” surplus C from vegetal to
fungal biomass may represent a strong C sink for the plant, affecting photosynthesis rates positively
(Fitter, 1991). So, if surplus C is utilized in symbiotic trade and “discarded” to fungal biomass in the
soil, photosynthesis rates of mycorrhizal plants under nutrient limitation may be less likely to be
downregulated. This mechanism of maintaining a continuous photosynthesis may increase overall C
assimilation of the plant, hence an increased photosynthesis performance could be achieved (Miller et
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al.,, 2002; Wright et al., 1998). Accordingly, the net C cost for host plants engaging in mycorrhizal
symbiosis could become negligible, when only surplus C is utilized anyway (Fitter, 1991). Benefits in
terms of nutrient and water supply would be at neutral costs for the plant.

Furthermore, by virtue of the improved nutrient supply and other factors induced by the fungal
partner, this initial loss of C may be additionally compensated by enhanced plant productivity including
larger specific leaf area, higher chlorophyll content of leaves, improved water status of the plant,
improved stomata regulation, concluding, a further improved photosynthesis capacity (Aroca et al.,
2007; Miller et al., 2002; Sheng et al., 2008; Slabu et al., 2009). Overall biomass production of plants
due to mycorrhizal symbiosis could be enhanced.

3.2.1.4 Soil formation by AM fungi

Large soil deposition of C from above- to below-ground biomass, induced by AM fungi, can enhance
the soil organic C content with various effects on overall soil fertility and soil life activity (Bot and
Benites, 2005; Rillig et al., 2001).

AM fungi activity can improve soil formation processes, leading to higher rates of infiltration and water
storage capacity as well as promotion of root growth and gas exchange. Firstly, a high hyphae density
in the soil matrix, creating a skeletal structure to bind mineral and organic soil constitutes together,
was found to correlate with properties of water-stable aggregates (Miller and Jastrow, 1990; Rasse et
al., 2005; Rillig and Mummey, 2006). In this formation phase, soil particles are bound together
physically by hyphal connections (see Figure 7), which then are stabilized by exudated polymers and
deposited necromass from microbial activity, including fungal glomalin, in a following bio-chemical
stabilization phase of soil formation (Jastrow et al., 1998; Rasse et al., 2005).

BOE2

Figure 7: Scanning electron micrograph of fungal hyphae as a soil structuring medium, from Breemen et al. (2000),
p. 167.

The glycoprotein glomalin fundamentally contributes to the improved soil formation process. The glue-
like substance from hyphal decay and exudation was found to accumulate in mycorrhizal soils (Rillig et
al., 2001). It can act as a glue between soil particles, forming water-stable macro aggregates with a
coating layer on the surface, improving the resistance against mechanical destruction by swelling-
shrinking processes (Rillig and Mummey, 2006; Wright et al., 1999). Also, inbound organic matter is
better protected from microbial decomposition, resulting in increasing content of stable SOM over
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time (Nichols, 2008). Hence, the bulk density of stabilized, well aggregated soils may be improved,
resulting in enhanced infiltration, water stability and water storage properties (Fahad et al., 1982). This
all can lead to a more favourable soil status with higher aggregate stability (Wright and Anderson,
2000), indirectly increasing plant productivity. Improved soil structure through AM fungi activity in soils
further facilitates the superior nutrient supply of colonized host plants.

3.2.1.5 N acquisition by AM fungi

The essential nutrient N is present in soil in many different complex organic and inorganic forms.
Anyhow, plants are dependent on inorganic NH} or NO3 available for uptake, essential in the process
of photosynthesis (Amelung et al., 2018). Due to its high mobility in most soils, formation of N
depletion zones is not considered to be limiting factor, but low concentration and high demand of N
by plants are (Smith and Read, 2008). This often results in N being a major limiting factor in plant
productivity (Blcking and Kafle, 2015; Perez-Tienda et al., 2012).

Under impact of drought or salinity, N availability in soils though can be drastically reduced by
diminishing diffusion rates or competition from other soil nutrients like chlorine (Cl) or sodium (Na) for
root uptake (Frechilla et al., 2001). Anyhow, plants can benefit from AM fungi mediated N transfer
from soil volume of the hyphosphere (Hodge and Fitter, 2010; Leigh et al., 2009).

Although AM fungi itself, without saprotrophic abilities, cannot decompose organic N sources such as
organic matter, AM fungi still can manage N availability in soils. Fungal hyphae explore the soil for
nutrients, growing into nutrient rich patches in greater distance to the plant (Blicking and Kafle, 2015;
Hodge and Fitter, 2010). By relocation and exudation of received C into the soil, AM fungi actively
navigate and stimulate benefitting microbial communities for decomposition and mineralization of N
containing organic matter (Atul-Nayyar et al., 2009; Blicking and Kafle, 2015; Herman et al., 2012). N
uptake and transfer to the host plant is achieved efficiently, as was reported by Perez-Tienda et al.
(2012). The authors concluded, that the AM fungi uptake and transport system for NH} shows higher
affinity than the vegetal system, indicating a higher ability to extract and transfer N even under low
concentration, potentially non-extractable for plants itself. This is in accordance with findings of
Burleigh (2001), whose observation indicate a possible downregulation of the plant N uptake system,
while the fungal system can be upregulated (Koegel et al., 2013), enhancing N transfer to the host
plant. Accordingly, other studies report AM fungi responsible N accumulation in maize to reach up to
75 % of total gathered N (Tanaka and Yano, 2005).

Biological N, fixation by Rhizobium spp. bacteria living in symbiosis with leguminous crops is well
studied over the last decades (Denison, 2015). This major N supply system can be seen as a key element
in any organic farming practice, as N becomes easily accessible, without the possible detrimental
effects on the soil environment or investment costs of synthetic N fertilizer (Byrnes, 1990). Anyhow,
stimulating effects of AM fungi colonization on enhanced N, fixation based on the improved P of the
host plant was reported in many studies (Barea et al., 1987; Bulgarelli et al., 2017; Junior et al., 2017;
Rabie and Almadini, 2005; Wani et al., 2007; Zaidi and Khan, 2007). Hence, a symbiotic relationship
between the partners host plant, AM fungi and N,, fixing bacteria may be engaged.

Concluding, these findings indicate a possible benefit of AM fungi partnering for the host plant in terms
of N acquisition, both by AM fungi improved, symbiotic N, fixation and increased N availability and
uptake from soils, especially viable under abiotic stress conditions.

3.2.1.6 P acquisition by AM fungi

P acquisition of plants can be limited in challenging soil conditions with low diffusion rates (Bolan,
1991; Kirkby and Johnston, 2008), high P fixation capacity (Syers et al., 2008), low P solubility (Mengel,
1997; Parfitt et al., 1975), or general low P content. Anyhow, plant P supply can be fundamentally
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influenced by symbiotic AM fungi, with expanded soil exploration and increased P solubilization,
improved uptake and transfer as the major mechanisms responsible (Jansa et al., 2011).

In general, P uptake of plants is facilitated by two major pathways, predominantly mediated by soil
conditions and the species of symbiotic partners involved (Nagy et al., 2009; Smith et al., 2011). Direct
P uptake is performed by root hairs and root epidermis within the rhizosphere of the plant. P is
absorbed into the roots and transported by specific P transporters, which are upregulated by
corresponding gene expression. The effectiveness of this uptake pathway is dependent on the P
concentration in soils. Once depleted due to low solubility and slow diffusion rates of P in most soils,
this P uptake pathway is gradually shut down, P transporter gene expression is decreased (Javot et al.,
2007; Schnepf et al., 2008). In the same extent, AM fungi symbiosis and its induced mycorrhizal P
uptake pathway becomes vital, exploring the soil by hyphal branching, absorbing nutrients and water
far beyond the depletion zone of the roots within the hyphosphere, rapidly contributing to the plant P
supply (Bolan, 1991; Nagy et al., 2009; Schnepf et al., 2008; Smith et al., 2011). Respectively, under
these conditions, mycorrhiza induced gene expression of fungal-specific P transporter genes was
shown to be upregulated (Javot et al., 2007). Under certain conditions the fungal pathway can even
supply exclusively all P accumulated by the plant (Smith et al., 2004), especially when the mycelium
network is fully established after some days of growth and the rhizosphere is depleted in P (Schnepf
et al.,, 2008). The mycorrhizal contribution to P supply may be viable even when rates of root
colonisation are low or AM fungi plants may not accumulate more P than non-mycorrhizal plants (Nagy
et al., 2009; Smith et al., 2004). The other way around, when soils were saturated with P and growth
was not P limited, AM fungi root colonization of host plants were found to be decreased and plant-
specific P transporter gene expression indicated an active direct P uptake mediated by the plant (Jansa
et al., 2011; Javot et al., 2007).

As P concentration in plant available form is low in almost all soils, P allocation, P solubility and
respectively P dissolution capacity are important factors in plant nutrient supply.

Fungal hyphae have a small diameter of 2 - 20 um and therefore they are able to grow into much
smaller pores than root hairs, constituting a larger P absorption surface area (Bolan, 1991; Schnepf et
al., 2008; Smith et al., 2010). Also, the mycelium can explore soil areas far beyond the actual narrow
depletion zone of root hairs, extending more than 20 cm into the soil with more than 2.5 mm of tip
movement per day were reported (Jansa et al., 2003; Mikkelsen et al., 2008; Schnepf et al., 2007; Smith
et al., 2004). Formerly unavailable nutrient sources in distal soil locations, non-accessible or too far
away for plant uptake, can be utilized by AM fungi.

Additionally, by AM fungi induced mechanisms, insoluble, organic P sources can become plant
available. Firstly, hyphae grow vigorously into nutrient rich patches of organic matter and facilitate
decomposition and mineralization, freeing contained nutrients (Hodge and Fitter, 2010; Leigh et al.,,
2009). They can alter microbial activity and composition in their hyphosphere by stimulating exudation
of carbohydrates and water into soil (Herman et al., 2012; Jones et al., 2004; Toljander et al., 2007). In
this favourable environment for decomposer microbes and microbe-hypha interactions, also P
solubilizing PGPB were observed to interact synergistically with AM fungi (Ordofiez et al., 2016; Zaidi
and Khan, 2007). Anyhow, also AM fungi themselves were found able to excrete enzymatic
phosphatases, which supports the hydrolysis of organic P (Feng et al., 2002; Wu et al., 2011).
Concluding, by intentionally proliferation into patches of organic P, exudation of carbohydrates and
water, the microbial community is altered and activated by AM fungi to facilitate P availability.

Next to organic P fractions, also the availability of sparingly soluble, inorganic P sources in soil like
phosphates of Fe-, Al- or Ca or mineral P in HA can be enhanced by fungal mediation of P supply. AM
fungi were observed to exudate H* and organic acids acting as chelators, freeing P (Bolan, 1991; Koele
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et al., 2014), which led to the speculation, that fungal glomalin production may be a fundamental
mechanism to break down stabile Fe-P, freeing Fe as a substantial component of glomalin, while P is
freed as a “by-product” (Cardoso and Kuyper, 2006). Zwetsloot et al. (2016) even found comparable
rates of P supply from a mycorrhizal, P fixing soil fertilized with insoluble BoneC, when compared to
the same soil fertilized with water-soluble TSP.

Furthermore, when the C supply of the host plant is low, e.g. due to shading, AM fungi can buffer
accumulated P in fungal compartments for later transfer. This storage mechanism ensures continuous
P supply to the host and adequate C revenue to the fungi (Bolan, 1991; Callow et al., 1978).

All things considered, substantial amounts of P from organic and inorganic sources can be allocated by
fungal activity in soils, even in great distance from the final receiving plant, formerly unavailable for
plant uptake distance- and solubility-wise (Schnepf et al., 2008, 2007; Smith and Read, 2008). In
contrast to P from inorganic fertilizer application, the location and time of solubilization and uptake of
P may not be separated, when mediated by AM fungi, which may offer certain benefits in terms of P
behaviour in soils. Fungal mediated solubilization and uptake of P occurs simultaneously, in close
proximity, concurrent and mutually conditional through fungal activity. Thus, uptake and translocation
in the conduit hyphae through the soil towards the roots of the host plants is expected to be rapid and
overcome slow diffusion (Bolan, 1991; Smith et al., 2011). By this fungal mechanism, P fixing soil
conditions and low moisture content may be bypassed, which otherwise would diminish P diffusion
rates and hence plant P supply. This way, growth-limiting detrimental soil conditions of high P fixation
capacity may be neutralized, as the P acquisition pathway towards plants is managed by the fungal
partner. AM fungi can consequently enhance P supply of plants in P-limited soil (Zwetsloot et al., 2016).
This may be a strong advantage and a key element for utilization of sparingly-soluble P sources from
alternative fertilizers or fixed soil P in general.

Anyhow, the effectiveness of P transfer is highly dependent on the symbiotic partners. Differences
between AM fungi species and even isolates of the same species coupled with host specific differences,
influenced by soil conditions and vegetal management, all determine the outcome of the symbiosis
(Heijden, 2004). Therefore, further evaluation of cooperative behaviour for crops, fungi and
management in different regions of the world should be targeted in future research.

3.2.1.7 Kacquisition by AM fungi

Potassium (K), next to N and P, is one of the major nutrients for plant growth, required in substantial
amounts, for many vital processes such as photosynthesis or stomata operation. Although present in
large quantities in soil (from 3.000 to 100.000 kg*ha?), it is often lacking in tropical, weathered soils,
as K is leached out after the formation of K free kaolinite or Al- and Fe-oxides in the process of
pedogenesis (Amelung et al., 2018).

Similar to P, K is present in soils as soluble K, ready for plant uptake in ionic form. Further, exchangeable
K can be adsorbed at outer surfaces of clay minerals or humic matter or fixed in clay minerals.
Structural K, included in the crystal structure of silicates, is the least soluble form of K in soils (Amelung
et al., 2018).

Although K is highly abundant in soils, only a minor fraction is directly plant available. Yet, replenishing
of depleted K soil concentration from desorption or dissolution of other K pools is usually considered
sufficient for adequate plant growth (Amelung et al., 2018). Anyhow, when grown with AM fungi
symbiotic partner, plants showed increased K uptake in their root system to some extent (Marschner
and Dell, 1994).
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Interestingly, K may serve as the main counter ion of accumulated P for fungal homeostasis, therefore
it is taken up by AM fungi, especially when vegetal C supply is limited and stored P in fungal mycelium
requires charge balancing (Blicking and Heyser, 1999; Garcia and Zimmermann, 2014).

Anyhow, the major advantage from AM fungi related K uptake becomes viable under stress conditions
like contaminated soil, drought or high soil salinity. It was shown in many studies, that stress related
struggle of plants can be alleviated by AM fungi symbiosis, mainly by improved selective supply of
nutrients including N, P and K, discussed in the following.

3.2.1.8 AM fungi alleviation of salinity

Salinity is a fundamental problem in today’s agriculture as it affects plant growth and productivity of
many crops worldwide, especially in areas of high evaporation potentials (Hammer et al., 2011;
Lambers, 2003). Without a change of management, affected soils may become more and more
incapable to bear crops and may be entirely lost for human activities. Warning examples of degraded
regions are plenty, with the degradation of the Aral Sea basin as one of the most famous (Qadir et al.,
2009).

In saline soils high in sodium chloride (NaCl) or sodium sulphate (Na,SO,), excessive Na™*
concentration are present, while due to increased ionic strength, P solubility from already sparingly
soluble sources is further reduced (Grattan and Grieve, 1992). Accordingly, it was found, that P levels
in plants and phosphatases enzyme activity in soils were reduced under saline conditions (Evelin et al.,
2012; Rabie and Almadini, 2005). Furthermore, N uptake of both plant available forms of N are in
competition with chloride (C17) replacing nitrate (NO3) and sodium (Na*) replacing ammonium (NHF)
(Frechilla et al., 2001). Further, salinity decreases the ability of N, fixation by plants due to nutrient
deficiency of mainly P and Ca (Evelin et al., 2012). Accordingly, decreasing N concentration in examined
plants with increasing NaCl concentration in soil was found by Evelin et al. (2012) and Rabie and
Almadini (2005).

Further, under saline conditions, Na™ is in competition to K* for plant uptake due chemical similarities.
Excess levels of Na™ can be observed in salinity stressed plants, increasing proportionally with higher
NaCl proportion in the soil as was shown by Evelin et al. (2012), while K* and Ca?" often is deficient,
represented by a high Na*/K* and Na*/Ca?" ratio (Estrada et al., 2013; Evelin et al., 2012; Rabie and
Almadini, 2005). Also, ionic deficiency under salt stress can be observed for trace elements like
Cu?*,Fe?*and Zn?* (Evelin et al., 2012; Giri et al., 2007). Concluding, while important plant nutrients
only can be acquired in minor concentrations, Nat is accumulated easily in toxic concentration
(Fortmeier and Schubert, 1995; Sheng et al., 2008). This nutrient imbalance leads to various effects,
detrimental for plant performance. Hence, plant growth can be significantly reduced under saline
conditions (Evelin et al., 2012; Fortmeier and Schubert, 1995; Slabu et al., 2009).

AM fungi were found capable to alleviate effects induced by salt stress and contribute to improved
plant performance, when compared to non-mycorrhizal plants in saline soil conditions (Evelin et al.,
2012). The increase of salt tolerance of plants associated with a fungal partner is attributed mainly to
improved acquisition of limited soil nutrients, especially P (Rabie and Almadini, 2005), but also
balanced uptake of other major soil nutrients like K*, NO3, NHI and Ca?* as well as trace elements
(Evelin et al., 2012; Giri et al., 2007).

Enhanced nutrient supply in challenging saline soil conditions by AM fungi is realized by the enlarged
active soil volume scavenged for resources and the efficient uptake and transport of ions in hyphae,
when compared to soil transport mechanism (Bolan, 1991; Smith et al., 2011). The reported reduction
of N, fixation by legumes in saline soil was also alleviated by AM fungi due to improved P and water
supply for N, fixing PGPB (Rabie and Almadini, 2005). Further, ionic uptake by AM fungi is selective,
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discriminating against Na* when present in excess, but favouring K*, Ca?* and Mg?* (Evelin et al.,
2012; Rabie and Almadini, 2005). Anyhow, AM fungi can supply the vegetal partner with Na* in saline
soils, when Na™ concentration is within acceptable levels, but may decreases uptake, when salt levels
in soil become excessive, representing a Na™ buffer (Giri et al., 2007; Hammer et al., 2011; Ruiz-Lozano
et al., 2012). Thus, fungal symbiosis contributes fundamentally to improved nutrient balancing under
saline conditions.

AM fungi protect the plant from Na* toxicity not only by excluded uptake in saline conditions, but also
by regulatory prevention of Na* translocation from root to shoot and leave biomass, while K* uptake
is increased. By percentage, more Na‘t was stored in roots than was transported to leaves in
mycorrhizal plants, when compared to non-mycorrhizal plants under saline conditions, as was shown
by Evelin et al. (2012).

The mediation of high K™ and low Na* concentration in leave biomass is another key element in AM
fungi enabled salt stress tolerance of plants, as for enzymatic activities in the cytoplasm,
photosynthesis and osmotic adjustment under salt stress, high K* concentrations are needed (Estrada
et al., 2013; Giri et al., 2007; Slabu et al., 2009). When K™ is substituted by Na*t due to high Na™*
accumulation in leaves, the K* regulated stomata system of the leaves is not operative and becomes
dysfunctional, leading to uncontrollable transpiration (Slabu et al., 2009), turning into necrosis of the
leave (Fortmeier and Schubert, 1995).

The other way around, with improved K*/Nat ratio, mycorrhizal plants under salt stress exhibit
improved water status (Aroca et al.,, 2007). The authors observed improved leaf water content of
plants after AM fungi infection due to sustained balance of transpiration stream (reduced) and vegetal
sap flow (increased) in saline conditions, which is in accordance with findings of Sheng et al. (2008).
Improved rates of photosynthesis accompanied by enhanced chlorophyll content among other
beneficial effects such as improved water use efficiency was reported by Sheng et al. (2008) for
mycorrhizal maize plants in saline conditions.

3.2.1.9 AM fungi alleviation of drought stress

Drought stress bears similar consequences like high salinity, as soil nutrients become less available in
soils and nutrient imbalance disturbs the transpiration system. Therefore, as was discussed for salinity,
also drought stress tolerance of plants can be alleviated by AM fungi activity, mainly due to improved
access to soil nutrients like P and K and water resources from deeper soil layers or fine pores and
regulation of the transpiration system.

Overall, AM fungi affect resistance to high salinity and drought induced stress both directly and
indirectly. Indirectly, the water status is improved by beneficial soil formation, benefitting soil fertility
and water storage capacity, as increased properties of soil water storage were observed after
harbouring mycorrhizal plant roots (Augé, 2001). This observation may relate to AM fungi mediated
formation of water-stable aggregates, mainly due to exudation of glomalin, and the highly branched
hyphal network connecting different soil particles (Wright et al., 1999).

Directly, in terms of acquisition of water, AM fungi increase the access to soil volume for water and
nutrient scavenging in greater distance to the plant root. The active soil volume to gather nutrients
and water is enlarged. Due to their fineness, fungal hyphae can explore soil pores inaccessible for
thicker root hairs, which may contain bound water. This way, water resources below the wilting point
in a high osmotic potential environment may become available (Dakessian et al., 1986). Also, absorbed
water can be efficiently transported by conduit hyphae of the mycelium towards the host plant (Ruiz-
Lozano et al., 2012; Ruiz-Lozano and Azcén, 1995; Ruth et al., 2011).
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Moreover, AM fungi also can have a beneficial impact on the root hydraulic properties of salt or
drought stressed plants, which suffer a physiological drought as high salt content or simply lack of
water in the soil lowers the osmotic potential. To again shift the water gradient in favour of water flow
from the soil inside the roots, the osmotic potential is decreased by the enhanced accumulation of
inorganic ions like Kt or solutes (e.g. proline) in the root structure (Ruiz-Lozano et al., 2012). This AM
fungi induced osmotic adjustment is indicated by findings of Aroca et al. (2007), who found improved
root hydraulic properties in mycorrhizal plants, leading to an increased uptake of water from soils
under drought or saline stress.

A changing climate and non-adapted agriculture practice, including deforestation, over-usage of
fertilizer and pesticides and excessive irrigation, partly even with saline water, already caused the
degradation of vast areas of arable land. This trend is likely to continue (Porcel et al., 2012), as pressure
for enhanced yields and with it the need for agricultural intensification grows stronger. As was shown,
AM fungi symbiosis offers mechanisms for improved stress tolerance of plants grown under
detrimental conditions of salinity and drought. Hence, under such abiotic stress, activity of AM fungi
should be considered as a key element in a holistic approach, maintaining influx of soil nutrients, while
improving the water status of plants.

3.2.1.10 AM fungi alleviation of toxic soil conditions

AM fungi can support the plant supply with low mobility micronutrients, when uptake otherwise is
limited due to low concentration or low solubility (Jansa et al., 2003). However in contaminated soils
due to geological or anthropogenic pollution (e.g. landfills, long-term usage of contaminated fertilizer)
(Nicholson et al., 1994; Rothbaum et al., 1979), micronutrients can act as toxic heavy metals when
present in excessive concentration, potentially lethal to plants and soil microorganisms (Wang et al.,
2006). Here, AM fungi can have a redeeming effect between necessary plant supply on the one hand
and restrain of excessive exposure and alleviation of toxicity on the other hand (Ferrol et al., 2016).

AM fungi can contribute to decreased availability of Al and manganese (Mn) in soils, when excessively
present, as found by Alori and Fawole (2012). They reported a decline in Al and Mn concentration,
both in soil and plant shoot biomass, when plants grown in contaminated soil were colonized with AM
fungi. Here, also it becomes visible, that AM fungi not only restricted uptake and transfer of elements
in toxic concentrations to the vegetal partner, but also actively immobilize certain heavy metals by
adsorption. These findings are in accordance with Joner et al. (2000), who found a strong AM fungi
metal sorption capacity of Cd in contaminated soil. Inferentially, the accumulated Cd can be removed
from the active soil and immobilized by the fungal compartments as transfer to the host plant is
restricted (Joner and Leyval, 1997). Similar, other heavy metals can be accumulated and immobilized
selectively in fungal cells when present in the soil in excessive concentrations, as was shown for Fe,
nickel (Ni), lead (Pb), Zn and arsenic (As), depending on soil conditions and the active AM strain or
isolate and its adaptivity to the contamination conditions (Kaldorf et al., 1999).

It also was speculated, that through AM fungi improved P status of plants in otherwise challenging
conditions of heavy metal contamination, the higher biomass yield and increased uptake of nutrients
“dilute” the concentration of accumulated heavy metals below non-toxic levels, hence plant growth is
less or non-affected (Christophersen et al., 2009; Fitter, 1991).

Indirectly, by hyphal exudation of glomalin into the soil, AM fungi further restrict the availability of
toxic heavy metals for plants. Glomalin was found to strongly sequester Cu, Cd, Pb and Mn by
adsorption and complex formation in soils into sparingly soluble forms, thus it can contribute to a
reduction of availability for plants when present in excess, enabling improved plant growth in
contaminated sites (Gonzalez-Chavez et al., 2004).
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As is a non-essential, toxic element, present in contaminated soils from geological and anthropogenic
pollution in similar chemical constitution as P ions (Christophersen et al., 2009). Therefore, it was found
to compete with P for plant uptake and can be transferred to the plant by the same vegetal uptake
system of P (Asher and Reay, 1979).

This vegetal P uptake system can be downregulated in favour of the fungal uptake system as discussed
before in this chapter. Accordingly, in AM fungi colonized plants, substantially less P may be derived
via the direct pathway, which shows low selectivity for detrimental, concurrent As uptake. In contrast,
through upregulation of fungal P uptake and complete mediation of P supply, mycorrhizal plants may
accumulate As to a much less extent, if any, which is almost entirely excluded from uptake and transfer
by the fungal partner (Christophersen et al., 2009). Accordingly, As uptake from a contaminated soil
was significantly lower from mycorrhizal plants than from uncolonized plants, shown by the same
authors.

As a conclusion, AM fungi can be considered a key element of remediation of heavy metal
contaminated soils. By the mechanisms of microbial biosorption, selective facilitation or restriction of
transfer within the plant and immobilization within fungal compartments, heavy metal availability for
plants can be drastically reduced, while nutrient supply in otherwise challenging soil conditions is
enhanced. Polluted soils could be restored and recultivated, toxic conditions imposed by
mismanagement such as long-term usage of polluted fertilizer could be remediated.

3.2.1.11 AM fungi alleviation of pest and pathogen attack

Many soil borne pest and pathogens like root feeding nematodes or biotrophic fungi diminish plant
productivity by feeding on living root tissue and nutrient absorption, causing severe root damage to
infested plants and loss of vigor (Veresoglou and Rillig, 2012). Anyhow, AM fungi were found to
substantially contribute to bioprotection of colonized host plants against pest and pathogens by
indirect mechanisms (Harrier and Watson, 2004).

AM fungi mediate the nutrient supply for host plants, even in low-fertile soil conditions or under abiotic
stress situation, as discussed before. The improved, better balanced nutrition status of the host plant
may already strengthen the general plant defense mechanisms, reducing the susceptibility to
pathogen infection. Further, the improved nutrient status of the plant may contribute to compensation
in the pest and pathogen aftermath (Harrier and Watson, 2004).

Morphological changes of the root system of colonized host plants were observed, possibly
contributing to bioprotection of plant mediated by AM fungi. Dehne et al. (1978) cited in Akthar and
Siddiqui (2008) found increased lignification of cell walls of mycorrhizal tomato and cucumber, which
were less susceptible of Fusarium wilt. The strengthening of the root cell wall and jointly, the
competition for space and infections sites by high colonisation rates of AM fungi (Smith (1988) cited in
Harrier and Watson (2004)), may decrease the infection capacity of soil borne pathogens, when AM
fungi already engaged in host plant symbiosis, “occupying” the root surface. Further, the permeability
of root membranes was decreased after AM fungi induced P supply of a deficient plant, as was shown
by Graham et al. (1981). Hence, root colonisation by pathogens or nematodes of mycorrhizal plants
may be aggravated due to presence of AM fungi. Contributing, Wick and Moore (1984) found
mycorrhizal plants to be able to produce wound barriers post attack, at faster rates than non-
mycorrhizal plants, indicating enhanced plant defense due to AM fungi activity. Moreover, after
finalized AM fungi colonisation, the exudation of photosynthates in the rhizosphere by the host plant
generally is lowered, possibly reducing the stimulus effect needed for hatching of nematodes (Baker
and Cook (1982) cited in Akthar and Siddiqui, 2008).
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Concluding, by a broad set of various mechanisms, AM fungi can indirectly alter the susceptibility of
plants to common pest and pathogen attack and alleviate and compensate damage in the aftermath
by enhanced biomass production. Therefore, in organic agricultural system, AM fungi can be
considered a bioprotection agent with plant growth promoting properties. Prevention of abiotic stress
helps to combat biotic stress, as weakened plants are more likely to be attacked by pest and pathogens.
Therefore, to prevent diseases and pathogen attack in the first place, the creation of healthy, fertile
soil conditions mediated by AM fungi should be prioritized in a holistic approach.

3.2.1.12 AM fungi alleviation of Striga weed

Weed infestation is widespread in many parts of the world, ecologically and economically especially
severe in SSA. Here, large areas under cultivation of small-scale subsistence farmers with low
purchasing power and lack of access to agricultural production goods struggle to bear a substantial
harvest, free from pest damage. Sincerely severe is the infestation of cereal crops like maize, wheat
and sorghum with weeds of Striga species, particularly Striga hermonthica, affecting roughly two thirds
of cultivated land (Bouwmeester et al., 2003). Yield losses due to the parasitic weed was estimated to
average 68 % in a Nigerian trial (Kim et al., 2002), which represents a huge burden for achieving food
security in affected regions. Hence, infestation prevention strategies by a set of approaches were
developed, including alternative agronomic practices and the utilization of AM fungi again as possible
key element of a parasitic weed control strategy (Lépez-Réez et al., 2012).

The phytohormone strigolactones is secreted by plants acting as a chemical signal for host plant
recognition, but also attracts parasitic weeds. It equally induces seed and spore germination of Striga
and AM fungi in the soil (Akiyama and Hayashi, 2006; Lendzemo et al., 2007). Once germinated from
the seed, Striga attaches to the root of the host plant, drawing water, nutrients and metabolites from
it (Othira et al., 2012). Accordingly, the host plant struggles and may experience total yield loss.

The potential of AM fungi mediated Striga suppression lays in the downregulation of strigolactones
exudation once the mycorrhizal colonization is fully completed. Thus, with lowered exudation of
Strigolactones, Striga is less likely to infest mycorrhizal plant roots. Hence, a rapid root colonisation of
the host plant would inhibit Striga seed germination and growth, may cancelling out damage by Striga,
while productivity of the host plant could be increased, as was shown by several studies (Lendzemo et
al., 2007; Lopez-Réez et al., 2012; Othira et al., 2012). This major effect of AM fungi towards Striga
control could constitute a key element in low-input farming practice, but needs further assessment,
especially how to secure rapid fungal colonisation of crops and corresponding response of reducing
strigolactones exudation (Lendzemo et al., 2007).

3.2.1.13 Conclusion: AM fungi

All things considered, AM fungi can be seen as one of the most important microorganisms in soils and
a key element in a holistic approach for organic, low-input farming practice to be developed in this
study, not destroying but restoring arable soil. These multi-purpose, symbiotic fungi bears feature
directly or indirectly beneficial for soil fertility and plant vitality.

Firstly, the fungal extension of the actual root zone far beyond the rhizosphere increases the active
soil volume for nutrient and water gathering. Secondly, the alteration of microbial communities and
exudation of solubility agents increase nutrient availability, especially of P and trace elements.
Improved soil formation and aggregate stabilization benefits rates of infiltration and water storage of
mycorrhizal soil, thus erosion processes are reduced, thirdly. Furthermore, the fungal mediation of
nutrient and water uptake and transfer through the soil towards the host plants bypasses slow
diffusion rates and nutrient fixing processes, hence improves the nutrient and water status of the host.
All these effects become especially viable, concluding, in the presence of challenging soil and
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environment conditions of degraded state, low fertility and abiotic and biotic stress, which all can be
lessened by fungal activity. Despite all these major benefits, the total net C costs for the host plant
remain low or even become nil, as they may be compensated by enhanced plant productivity or
allocation of surplus C. The symbiosis, under certain conditions, could be cost-neutral but benefit-
positive for the host plant.

Nevertheless, many of the effects are highly dependent on the soil and environment conditions as well
as the specific AM fungi and host plant species and their individual interaction, adaptability and cost-
to-benefit ratio, and may be positive, neutral or negative in each individual case. Further research is
needed to determine suiting fungi-plant combinations, adapted to local soil and environment
conditions and intended agriculture management and practice.

Many of the AM fungi effects may even be strengthened and only come into full play, when not only
colonising one single plant, but many plants of the same and different species, of the same and
different growth status. Potentially, AM fungi organised in such CMN could serve as a biological soil
infrastructure and the interlink of a cooperative community of plants.

3.2.1.14 Common mycorrhizal network

Present in almost all terrestrial ecosystems, AM fungi can form spacious CMN, colonising not just one
single but multiple individual plants concurrently (Fellbaum et al., 2014; Heijden and Horton, 2009;
Kiers et al., 2011), by fusing or extension of below-ground mycelium (Croll et al., 2009; Giovannetti et
al., 2004; Mikkelsen et al., 2008). An interconnection for sharing nutrients, carbohydrates, water and
information between the plant partners can be created under fungal mediation (Heijden, 2004).

As AM fungi show little host specificity (Smith and Read, 2008), fungal linkage of plants can be
intraspecific, between plants of the same species, as well as interspecific, between plants of different
species (Heijden and Horton, 2009; Moora and Zobel, 2010). Also, plants of different growth status
(seedlings/adults) and in general, dominant and subordinate plants (canopy/understory) can be joined
in the same network (Grime et al., 1987; Heijden and Horton, 2009; Pietikdinen and Kytoviita, 2007).
Individual terms-of-trade between the multiple plant and fungal partners are highly complex and may
be dependent on specific cost-to-benefit ratios, identities of plants, identities of AM fungi, plant
species combination and soil and environmental conditions (Heijden and Horton, 2009).

Anyhow, multiple ecological benefits in terms of productivity (Walder et al., 2012), water status
(Egerton-Warburton et al., 2007) and resistance to biotic stress (Song et al., 2013) for interconnected
plants may arise from the formation of spacious, interconnected CMN, predestined for promotion in
organic agriculture management as proposed in this study.

3.2.1.15 Formation of CMN

CMN can be formed by one single AM fungi colonising plants by continuous extension into the soil,
“including” plant after plant into the network during its soil exploration. However, more likely as AM
fungi are typically abundant in natural soils, CMN can form by extension and overlapping of extra-
radical hyphae of multiple AM fungi in the soil (Mikkelsen et al., 2008). When in contact, in the process
of anastomoses, compatible hyphae fuse into one consistent mycelium with cytoplasmic continuity,
interconnecting the respective host plants into one community (Croll et al., 2009; Giovannetti et al.,
2004; Mikkelsen et al., 2008). Hyphae of the same fungus or another fungus of the same species or
isolate show high compatibility for anastomoses, while hyphae of fungi from different species are
discriminated against (Mikkelsen et al., 2008). Thus, in most natural soils, multiple individual CMN may
co-exist and compete for the same transferable soil resources as well as for carbohydrates from
manifold colonised, shared host plants, each underlying its specific cost-to-benefit interaction (Heijden
and Horton, 2009).
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3.2.1.16 Nutrient exchange and carbon utilization in CMN

Properties of nutrient and C exchange between vegetal and fungal partners interconnected in a CMN
are highly diverse and seem to differ for various plant-fungi combinations as well as for different
cropping systems.

In symmetric monoculture systems (plants express the same C source strength), plants share the C
costs for their shared CMN and the resulting nutrient gain in equal terms. However, in asymmetric
monoculture systems (shaded/non-shaded, defoliated/non-defoliated or juvenile/adult plants with
differing C source strength), where not all plants contribute equally to establishment and maintenance
of the CMN, the nutrient allocation as the reward for C supply is shifted reciprocal to the dominant
vegetal partner (Fellbaum et al., 2014; Kiers et al., 2011).

Nevertheless, in such an asymmetric monoculture system, the obtained C from the donor plant is
partly utilized by AM fungi to fully maintain the root colonisation of the weaker plant, which still is
supplied with a considerable amount of nutrients, although not met by its low C supply. Hence, this
donor-receiver relationship is C strength-decisive in intraspecies systems, as C supply of hosts triggers
the majority of nutrient transfer (Fellbaum et al., 2014).
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Figure 8: CMN in poly-culture of Sorghum (as C main donor) and flax (as nutrient main receiver), from Walder et
al. (2012), p. 794.

In contrast, in a polyculture with interspecies plants linked by CMN, the specific terms-of-trade of each
individual plant of the network towards the fungal partner seem primarily decisive for the rate of C
supply rewarded with nutrients (see Figure 8). As plants of different species seem to differ in their
mycorrhizal compatibility, cost-to-benefit ratios may not be equal for individual host plants (Walder et
al., 2012).

Walder et al. (2012) observed the formation of a mycorrhizal interspecies donor-receiver system, in
which the strong C source plant sorghum (Sorghum bicolor) acted as the main C donor for the CMN of
AM fungi G. intraradices, while receiving only a minor nutrient inflow (sorghum share of total C
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supplied to AM fungi: 70 %; sorghum share of total nutrient supplied to plant pair: P 6 %, N 20 %). In
contrast, the receiver plant flax (Linum usitatissimum) gained the bulk of nutrients (flax share of total
nutrients supplied to plant pair: P 94 %, N 80 %) with only little C costs (flax share of total C supplied
to AM fungi: C 30 %) (see Figure 8). Flax was much more efficient in nutrient gain from the CMN, at
much lower C costs. Interestingly, while the receiving flax was able to increase its biomass by 46 %, the
donor plant sorghum showed only a negligible growth depression of 7 %, resulting in enhancement of
total net biomass, when compared to the respective mycorrhizal monoculture control groups flax-flax
and sorghum-sorghum (see Figure 9).
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Figure 9: Comparison of total biomass production in mycorrhizal or non-mycorrhizal mono- or poly-culture systems
of Sorghum and/or Flax, from Walder et al. (2012), p. 791.

With the bulk of C supplied and no significant reduction in biomass productivity, it was speculated by
the authors, that sorghum primarily allocated surplus C to the fungal partner. Hence, the C costs of the
main C donor plant for CMN establishment and maintenance may become negligible, when met by
allocation of surplus C anyways (Fitter, 1991; Miller et al., 2002; Wright et al., 1998). Concluding, while
the symbiosis is almost free of charge for the receiver plant, the main C donor plant may easily bear
the bulk of C costs. Hence, the establishment and maintenance of the CMN may come without
substantial negative expenditures, while the total net biomass production of the interspecies system
could be enhanced (Walder et al., 2012).

This effect may become especially viable in asymmetric, interspecies systems of juvenile and adult
plants (e.g. intercropping of perennial and annual crops). While the spacious CMN is established and
maintained mainly by the mature, strong, perennial C donors at negligible costs, emerging seedlings
of the annual crops may directly connect to an established network, much larger they could create
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quickly themselves and gain access to nutrients and water from distal soil locations immediately, with
almost no investment costs. Simultaneously, by the fast engagement in mycorrhizal symbiosis, Striga
infestation of seedlings may be reduced, as exudation of signal molecule strigolactones would diminish
rapidly. Seedling establishment could be drastically improved, but again, seems dependent on the
specific compatibility of donor, receiver and prevalent AM fungi, as was reported by Grime et al.
(1987). Concurrent with findings of Fellbaum et al. (2014), for seedlings of the same species as the
mature plants maintaining the CMN, no disproportionally access to nutrients was observed (Grime et
al., 1987; Heijden, 2004; Moora and Zobel, 1998; Pietikdinen and Kytdviita, 2007), indicating that AM
fungi may contribute indirectly to the prevention of invasive plant growth, but support enhancement
of biodiversity and coexistence.

In a second experiment by Walder et al. (2012) with the same plant pair but AM fungi G. mosseae
forming the CMN, the C costs still were shared asymmetric in favour of receiver plant flax, but nutrient
share was almost equal for sorghum and flax. Here, for the same amount of C supplied, sorghum gained
considerably more P by G. mosseae than by G. intraradices, thus the functional compatibility of the
sorghum and the fungal partner was more efficient (see Figure 8).

All'in all, CMN exhibit properties of a biological soil infrastructure for share of nutrients and water and
could contribute to enhanced performance of organic agriculture systems. Nevertheless, more
research is needed to identify beneficial interspecies donor-receiver-fungi combinations for respective
soil, environmental and agricultural conditions. Also, agricultural systems should be developed, in
which perennial plants can establish and maintain CMNs at negligible C costs, to which annual plants
easily can connect and draw nutrients and water rapidly after germination, so overall biomass
production of the system can be increased.

3.2.1.17 Water allocation and distribution by CMN

Next to enhanced acquisition and transfer of water resources from the hyphosphere, AM fungi can
also alleviate salinity and drought induced water stress in their partnering host plants by a set of
mechanisms, as previously discussed. However, CMN may add another effect for improved water
status of the ecosystem.

Under drought stress and severely dry top soil conditions, the nocturnal translocation of water from
relatively unstressed, deep rooting plants to fungi by the process of hydraulic redistribution (HR), was
reported by Querejeta et al. (2003). Hydraulically lifted water was directly supplied from host roots to
connected hyphae in severely dry soils (water potential as low as -20 MPa in 0 to 8 cm depth of top
soil), maintaining the integrity and even proliferation of mycelium into the soil, in close proximity as
well as great distance to plant roots (up to 14 cm were observed). Even after prolonged duration of
drought (more than 80 days), water transfer from plant to fungi was still active, although decreased.
Transfer only occurred nocturnal and to associated, symbiotic partners, as parasitic fungi were
discriminated against with no water acquired.

These findings indicate a highly adapted strategy for drought stressed ecosystems and true symbiosis
between host plant and AM fungi, in which the same resource is acquired and transferred by both
partners, in both directions, depending on temporal and spatial availability for each partner (Querejeta
et al.,, 2003). Moreover, otherwise inaccessible resources due to environmental conditions (fixed,
immobile nutrients in dry soils with limited microbial activity) or location in the soil (water in
groundwater layers), each can only be acquired in substantial amounts by unique activity of one
symbiont and accordingly utilized by both symbionts only, when actively shared. A highly mutualistic
symbiosis is formed, with total dependency on the respective symbiotic partner.
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Furthermore, water received from an uplifting plant can be distributed through the mycelium to other
drought stressed plants, interconnected in the same network. Substantial amounts of water (up to one
third of the daily evapotranspiration of receiving plants) may be allocated. In affected plants, effects
of drought stress were decreased, respectively (Egerton-Warburton et al., 2007). This donor-receiver
system between deep rooting plants acting as a water donor and shallow rooting plants acting as the
receiver, all mediated by CMN, could potentially improve resistance to drought stress of all the
ecosystems affected, with benefits of enhanced nutrient availability for the donor plant.

Concluding, these effects of a biological irrigation system could potentially enhance the water status
and resilience of a drought stressed, diverse polyculture, where suiting deep and shallow rooting plants
are interlinked by CMN, without any harmful consequences of conventional irrigation practices in areas
with high evaporation or saline groundwater.

3.2.1.18 Enhanced pest control by CMN

Additional to general AM fungi inducible mechanisms of pest, pathogen and weed control discussed
before, the organization and interlinkage in a CMN may further enhance the resistance of colonised
plants against biotic attack.

Utilizing the spacious network as a conduit, plant defense related chemicals as warning signals can be
transferred by the mycelium, serving as a communication device for interlinked plants, concluded by
Song et al. (2013). They observed the herbivore induced upregulation of defence activities in infested
plants, leading to the emission of warning signals into the mycelium, transferred to interlinked plants.
Accordingly, plant defense mechanisms in not-yet infested plants were upregulated before the actual
infestation and plant damage of warned plants was decreased in comparison to non-mycorrhizal plants
not receiving the warning by mycorrhizal transmission.

Concluding, with an intact CMN serving as a biological soil infrastructure for the exchange of nutrients,
water and information between the symbiosis partners, significant benefits for the ecosystem could
be created, including increased resistance to pest and pathogen attack, without detrimental effects of
conventional pesticide application.

3.2.1.19 Conclusion: CMN

These results indicate, that with the suiting combination of host plants and AM fungi species, beneficial
CMN can be formed, established and maintained by a strong donor plant at negligible costs, when
surplus Cis utilized (Walder et al., 2012). The CMN can act as a biological soil infrastructure for nutrient,
water and information transfer between plants of the network, potentially supporting juvenile plants
with immediate symbiosis almost free of cost, supplying the bulk of nutrients and water needed for
establishment (Heijden, 2004; Heijden and Horton, 2009), while resistance to drought (Egerton-
Warburton et al., 2007) and pest attack (Song et al., 2013) may be enhanced, as well as overall net
biomass productivity of the ecosystem (Walder et al., 2012).

3.2.1.20 Impact of agriculture management on AM fungi and CMN structures

Imposed by intensive agriculture, inappropriate practices altering the biotic and abiotic soil conditions
can strongly interfere with activity and proliferation of AM fungi. Although abundantly present in
natural soils, AM fungi are found less in quantity and diversity in soils under conventional practice
(Banerjee et al., 2019). Several factors can diminish AM fungi activity.

Tillage operation turning the soil upside down not only can create a less permeable plough pan in the
depth of the soil, it also leads to decreasing AM fungi spore numbers and hyphal length density in the
top soil layer, as fungal compartments are relocated in deeper soil layers (Boddington and Dodd J.C,,
2000). Moreover, established AM fungi networks are fragmented and disturbed, reducing the ability
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of infection (Jasper et al., 1989). Stabilized soil aggregates are disbanded, while infiltration conductivity
of topsoil and deeper soil layers diminish. Also, decreased levels of glomalin concentration were
reported induced by tillage operation (Wright et al., 1999). When the soil is left barren, without any
vegetative cover, surface runoff may enhance erosion processes, with the loss of fertile top soil, in
which commonly most AM spores are present (Oehl et al., 2005). Soil compaction induced by intensive
trampling or traffic can increase the soil bulk density, which again reduces the ability of hyphae to
extend into the soil (Li et al., 1997). The active soil volume scavenged by AM fungi is reduced, so is the
amount of accessible nutrients and water.

High input levels of inorganic fertilizer can decrease fungal activity as well, as the plant may sufficiently
gather needed P from water-soluble fertilizer sources by root uptake. The need for symbiosis is
lowered, root colonisation is reduced accordingly (Gryndler et al., 2001). Therefore, also non-nutrient
related benefits of AM symbiosis may become inactive. Also, usage of pesticides including fungicides
diminish AM fungi activity. Over time, the abundance and diversity of AM fungi species perish in
conventional agricultural soils (Smith and Read, 2008).

Furthermore, the fungal species richness is reduced by continuous monocropping and cultivation of
non-mycorrhizal plants as well as extended fallow period (Oehl et al., 2003). AM survival is drastically
reduced, spore count in the soils diminished by a non-adapted, inappropriate plant selection and soil
management.

All these techniques are performed commonly in conventional farming. Accordingly, AM fungi activity
and proliferation and species richness may decrease (Banerjee et al., 2019; Miller, 2013), with possible
downside on yield quantity- and quality-wise as well as on the overall ecosystems in terms of fertility
and stability of soil over the long term.

In stark contrast to conventional practice, organic farming was observed not to diminish but to favour
AM fungi activity and proliferation (Banerjee et al., 2019). Higher numbers of spores and total hyphal
length density was found after the addition of organic manure (Gryndler et al., 2001). Application of
insoluble, long-lasting organic fertilizer may be optimal for a strong AM fungi activity in soils (Treseder
and Vitousek (2001) in Jansa et al. (2006)).

Furthermore, no-tillage or reduced tillage operation, in which soil is loosened but not turned, showed
high rates of AM root colonisation, even after fragmenting the mycelium (Mdiiller, 2013). Due to
anastomoses, the hyphal compartments can easily re-establish the fungal network and supply
nutrients and water (Croll et al., 2009).

In an adapted crop rotation system, Miiller (2013) showed the ability of a former established CMN to
extend its symbiosis with the follow-up crop after the previous host plant decayed, giving evidence for
a multiple season activity of CMN in undisturbed soils, when mycotrophic host plants are continuously
available. This also indicates, that plants may benefit especially from early access to an established
fungal network, supplying nutrients and water at low C costs as the fungal structures are already
established (Heijden, 2004; Heijden and Horton, 2009).

Also, reported by Miller (2013), AM fungi can utilize nutrient sources from decaying host plants and
transfer them to an interconnected receiver plant of the same network. Hence, more adapted cropping
systems could be considered appropriate for support of AM fungi activity. Examples were given by
Salami and Osonubi (2003), who found a tremendous yield increase of Cassava, when grown in an
agroforestry with inoculation of AM fungi and regular pruning of trees supplying nutrient rich mulching
material.
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All things considered, in order to utilize beneficial AM fungi activities in agricultural soils, organic
farming practices should be considered for implementation, focusing on poly-cropping with
intercropping of legumes and perennials, mulching and application of suiting organic soil amendments,
like BoneC and biochar.

3.2.2 Sebacinales

Of the basidiomycetous order, root endophytic fungi Sebacinales can form various mycorrhizal
symbiosis types with host plants and are ubiquitous in almost all terrestrial ecosystems, in almost all
soils, colonizing a large majority of plants (Weils et al., 2011). Sebacinales, next to the colonization of
important crops like Triticum and Zea mays, were found able to establish a symbiotic relationship also
with plants of Brassicaceae (Arabidopsis thaliana (Riess et al., 2014; Weil} et al., 2011) and Brassica
campestris L. ssp. Chinensis (Sun et al., 2010)), which are considered not compatible with
endomycorrhizal fungi (Smith and Read, 2008).

In contrast to endomycorrhizal fungi, some strains of endophytic Sebacinales show the ability to shift
their metabolism in a continuum between saprotrophism and biotrophism, depending on the
environmental conditions and their life stage.

In a first phase after germination from spores, Sebacinales colonize plant roots extracellular on the
root surface. This initial stage of the life cycle is followed by a biotrophic growth phase, in which the
root epidermis is penetrated by hyphae, colonizing living root hairs and cortical cells by intracellular
growth. Colonization often is restricted to the maturation zone of the root, while the meristematic and
elongation zones of the root tip is not colonized (Deshmukh et al., 2006; Jacobs et al., 2011).

In the following cell death associated colonization phase, fungi induced die-off of colonized cells
occurs. Dead cells are heavily infested with hyphae for intracellular sporulation (Deshmukh et al.,
2006). In this saprotrophic phase, endophytes may gain a head start above other saprotrophic
microbes by established colonization in living roots, inducing cell death and concurrent starting
decomposition of died plant matter for reproduction (Porras-Alfaro and Bayman, 2011).

For successful colonization, the innate root immunity against microbial infection is impaired by fungi
induced manipulation of plant immune signalling, leading to the non-recognition of the infestation by
the plant. Accordingly, typical defense response (e.g. oxidative burst) was suppressed in colonized
roots, allowing root colonization. This overall mechanism was suggested as mainly responsible for the
broad host range of endophytes (Jacobs et al., 2011; Qiang et al., 2012; Zuccaro et al., 2011).

After established colonization, some strains of endophytes may elicit plant growth response or priming
of the plant defense system against abiotic or biotic stress.

In research of Waller et al. (2005) evidence emerged, that Sebacinales strains of Serendipita indica can
significantly enhance plant growth of barley (Hordeum vulgare L.), both in presence and absence of
salt stress. Without salt stress, infection with S. indica increased shoot fresh weight of barley by 65 %,
while salt stress of plants and following decrease in biomass production was significantly alleviated by
the fungus, when compared to the uninfected, stressed control. Further, root colonization did also
elicit a priming effect at the plant defence system, as the antioxidant system was upregulated, evident
by higher levels of ascorbate following colonization of plants. Coherent, infected plants were more
resistant to diseases of the root by Fusarium culmorum and also the leaves by powdery mildew
(Blumeria graminis f. sp. hordei) and biomass reduction by pathogenic infestation was significantly
diminished by S. indica, accordingly. Here, a systemic induced disease resistance becomes evident, as
a higher antioxidative capacity in the leaves as well as the roots was found, elicited by the infection
with root endophytic fungi (Waller et al., 2005).
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Similar results of plant growth promotion were observed for plants under water stressed (Hosseini et
al.,, 2017). The authors reported elevated plant growth (increase in root volume and chlorophyll
content) for water stressed wheat (Triticum aestivum L. cv. Chamran) colonized by S. indica.

Sun et al. (2010) reported positive effects of endophyte S. indica on the growth performance of Chinese
cabbage (Brassica campestris L. ssp. Chinensis). Plant growth as well as resistance to abiotic stress of
drought was improved (root and leave fresh weight: +38 % and +46 %, increased chlorophyll content,
upregulation of antioxidant system measured as increased content of superoxide dismutase (SOD),
peroxidase (POD) and catalase (CAT) with decreasing content of malondialdehyde (MDA)).

Similar effects of root endophytes were found for Arabidopsis thaliana associated with S. herbamans
co-cultivated with P. indica and P. annua by Riess et al. (2014), indicating a broad range of so far
overlooked Sebacinales strains inducing plant growth and defence mechanisms in crops.

Although above-ground biomass of Nicotiana attenuate inoculated with S. indica and Sebacina
vermifera was increased by +28 %, direct nutritional benefits from endophytic symbiosis were
suggested unlikely due to a lack of extra-radical mycelium for scavenging water and nutrients for the
host plants (Barazani et al., 2005). However, nutrient efficiency could be improved by Sebacinales, as
elevated nitrate reductase activity and improved P transportation within colonized plants was found
(Sherameti et al., 2005; Yadav et al., 2010). Thus, Sebacinales may affect nutrient status of plants
indirectly.

Interestingly, Sebacinales were found abundantly in plant roots of Sudan grass, which was
simultaneously colonized by other endophytes and also AM fungi (Venneman et al., 2017). It seems,
that AM fungi and Sebacinales can co-exist and may even exhibit a close association and possible
interconnectedness (Venneman et al.,, 2017), as the colonization habit and symbiosis paradigm of
those two symbiotic fungi differ strongly.

Further, endophytes may also survive in absence of any host plant by decomposition of organic matter,
as shown by Qiang et al. (2012) and Zuccaro et al. (2011), who cultured endophytes on synthetic media.
Therefore, inoculum from Sebacinales could be produced more easily than from AM fungi, as no trap
host plants may be needed in the process.

Concluding, root endophytic Sebacinales, with their broad host range and colonization ability, could
be considered as a potential biostimulant and biocontrol agent in organic, sustainable agriculture
practice, with great agronomical potential for a broad spectrum of crop cultivation in stressed and non-
stressed conditions, majorly independent on plant selection and management system (Waller et al.,
2005; Weil et al., 2016, 2011). However, with an adapted management system, additional benefits of
Sebacinales with AM fungi and PGPB may be activated. Once inoculated, Sebacinales may proliferate
in agricultural fields after crop harvest by decomposing dead plant roots and other organic matter,
until new emerging roots can be colonized, which could be a tremendous benefit in conventional
agricultural practice, struggling to maintain a continuous vegetation cover. Future research should
determine ways of efficient on-farm inoculum production of Sebacinales, in high concentration and
guantity needed for the reported effects, to harness the benefits of this exciting biostimulant.

3.2.3 Plant Growth Promoting Bacteria

3.2.3.1 Biological N, fixation

Leguminous plants typically cover their N demand by engaging in a mutualistic symbiosis with PGPB of
Rhizobium spp. For engaging symbiosis, rhizobacteria colonize and infect the root structure of the
leguminous plant by formation of nodules serving as a protective habitat. N, from the atmosphere is
fixed into ammonia (NH3) and exchanged for carbohydrates (Whitehead and Day, 1997). In N deficient
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soils or soil that show only very little N mobility due to drought, maintaining N supply by biological
fixation could be considered as a major advantage for enhanced plant productivity. Further, other non-
symbiotic, associative diazotrophic microbes can fix atmospheric N,, benefitting also non-leguminous
plants, presumably in anoxic, reduced soil conditions as often found in stabilized soil aggregates.
However, their contribution may be small (Boring et al., 1988), but recent findings indicate a possible
underestimation of their role, as many microbes were found to have diazotrophic abilities (Dos Santos
etal., 2012).

Interestingly, multiple studies report the stimulating effects on nodule formation and N, fixation in
general, resulting in higher plant performance, when N, fixing bacteria are co-inoculated with other
PGPB, e.g. P solubilizing bacteria, and AM fungi (Barea et al., 1987; Bulgarelli et al., 2017; Junior et al.,
2017; Rabie and Almadini, 2005; Wani et al., 2007; Zaidi and Khan, 2007).

3.2.3.2 P solubilization

As discussed earlier, large reserves of P are present in most soils, yet their plant availability is low due
to strong adsorption or fixation in most soils. Accessing these P reserves by microbial activity of P
solubilizing bacteria thus could change agricultural practice fundamentally and enhance crop yields,
especially in developing countries without sufficient access to agricultural production goods.

Soil bacteria of the family Pseudomonas spp., Agrobacterium spp. and Bacillus spp., amongst others,
were found to exhibit P solubilizing capacity of both, inorganic and organic P fractions in the soil (Alori
et al., 2017; Pandey et al., 2006; Sharma et al., 2013). A common mechanism behind P solubilization is
the exudation of organic acids in the process of organic matter decomposition and excretion of
H* while NHJ assimilation, lowering soil pH. Further, organic anions excreted by PGPB acting as
chelators (e.g. citrate, malate or oxalate) can de-complex phosphates, freeing P and compete for P
binding sites on adsorbing surfaces of soil constituents. All these mechanisms make inorganic P plant
available, while the microbial excretion of enzymatic phosphatases supports the hydrolysis of organic
P (Alori et al., 2017; Richardson and Simpson, 2011).

As the refixation of solubilized P is lowering availability in strongly fixing soils, AM fungi with their
ability of rapid P uptake and transfer to the host plant, bypassing detrimental soil conditions, show
synergistic, co-operative effects when co-inoculated with PGPB (Ordofiez et al., 2016; Zaidi and Khan,
2007).

3.2.3.3 Phytohormones and ethylene reduction

A major effect of beneficial PGPB is the reduction in plant ethylene synthesis when facing biotic and
abiotic stress, such as flooding, extreme temperatures, presence of toxicants, phytopathogens,
drought or salinity (Glick, 2004). Ethylene, if accumulated in elevated concentration in plant tissue,
causes growth inhibition, cell senescence and necrosis and is majorly responsible for diminishing plant
growth in such situation.

When colonizing the root surfaces, vegetal exudates of tryptophan trigger the synthesis of indole acetic
acid (1AA) by PGPB. The phytohormone IAA is taken up again by the plant root and can stimulate plant
cell proliferation and elongation, just as other phytohormones of gibberellin, cytokinin and abscisic
acid (ABA) induced by PGPB activity (Karadeniz et al., 2006). However, IAA also can induce the synthesis
of 1-aminocyclopropane-1-carboxylate (ACC) synthase, which supports the formation of ACC, a
precursor of ethylene. Due to increasing concentration, ACC is then exudated into the rhizosphere,
where it is transformed by ACC deaminase producing PGPB into ammonium and metabolized, hence
removed from the plant tissue, diminishing ethylene synthesis (Glick, 2004). Accordingly, lowered
levels of ethylene and corresponding improved plant growth in abiotic stress conditions were reported
induced by PGPB, producing ACC-deaminase (Mayak et al., 2004).
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Interestingly, the formation of nodules in legume plants by Rhizobium spp. was observed to be
decreased by high ethylene concentration (Drennan and Norton, 1972). Accordingly, the presence of
ACC deaminase producing PGPB in challenging soils can elevate the effectiveness of rhizobacteria to
induce nodulation of legume host plants (Glick, 2004). The authors further speculated, that the same
effects may also benefit the establishment of mycorrhiza symbiosis of AM fungi and their host plant,
as ethylene levels caused by the infection process could be reduced, resulting in less plant damage,
which is in accordance with findings of Guinel and Geil (2002).

3.2.3.4 Properties of biological pest control

Some PGPB also exhibit properties of biocontrol against diseases through the synthesis and exudation
of anti-fungal compounds, such as chitinase, salicylic acid, siderophores and hydrogen cyanide, known
to activate systemic resistance of plants (Bashan and De-Bashan, 2005; Pandey et al., 2006). These
compounds may be active in the inhibition of phytopathogenic fungi by various mechanisms, including
the exclusion from Fe supply. As microbial produced siderophores exhibit a higher Fe affinity than
fungal siderophores, available Fe is sequestered out of reach of pathogens (Bashan and De-Bashan,
2005). This competition for soil nutrients is supported by competition for living space on the surface
of host plants and blocking of entry points into plant cells, contributing to biocontrol of PGPB (Bashan
and De-Bashan, 2005).

3.2.3.5 Mycorrhizae helper bacteria

Also, PGPB can directly influence the ability of other soil microorganisms, such as the activity of
mycorrhizae. Xie et al. (1995) found Rhizobium sp. and Bradyrhizobium sp. to act indirectly as
mycorrhizae helper bacteria, since they would induce legume roots to increase production of
flavonoids. Those chemical signal molecules can improve nod formation for N, fixation, but also seem
to be able to stimulate AM root colonization, concurrently. Further, Paenibacillus sp. bacteria may
improve hyphae growth (Hildebrandt et al., 2002), which all in all could contribute to the establishment
of a tripartite symbiotic associations between legumes, PGPB and AM fungi in soils (Xie et al., 1995).

3.2.3.6 Conclusion: PGPB

By all these effects exhibited by PGPB, plant vitality and productivity can be enhanced, as was shown
in several studies. Although not all PGPB show each of the mentioned properties, many of them bring
a broad spectrum of abilities to the table, which together can significantly improve plant performance
(Mayak et al., 2004; Ordofiez et al., 2016; Pandey et al., 2006; Wani et al., 2007) and may also exhibit
synergistic, co-operative behaviour, further increasing their beneficial impacts, when co-inoculated
with AM fungi (Barea et al., 1987; Bulgarelli et al., 2017; Junior et al., 2017; Rabie and Almadini, 2005;
Wani et al., 2007; Zaidi and Khan, 2007). Therefore, it seems important to elevate and protect activity
of natural occurring, adapted PGPB in soils, so their effects on plant performance can be utilized
efficiently.

3.2.4 Conclusion: Soil microorganisms for promotion of plant growth

Plant growth promoting fungi (PGPF) like AM fungi exhibit tremendous ability to increase nutrient and
water supply in challenging soil conditions of low fertility, salinity, water stress or toxic contamination.

AM fungi improve resistance to biotic stress like pest and pathogen attack as well as weed infestation
and can stabilize soils endangered by erosion processes and degradation. Organised in a spacious CMN,
AM fungi interlink various plants of the same and different species, forming a strong, co-operative
plant-fungi-community with additional ecological benefits.

Root colonizing fungal endophyte Sebacinales in contrast to AM fungi do not increase nutrient supply
of the colonized host plant. Instead, Sebacinales induce enhanced plant fitness by alleviation of abiotic
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and biotic stress at low or no additional C costs as dead host cells are utilized for metabolism, which
can result in improved plant growth.

PGPB, living freely in the rhizosphere or attached to root material, were shown capable to affect plants
positively by enhanced N, fixation, P solubilization and synthesis of phytohormones or biocontrol
agents. Among others, Rhizobium spp., Pseudomonas spp. and Bacillus spp. show multiple properties
of the mentioned above and could be considered as microbial biostimulants, enhancing beneficial
rhizosphere activities, potentially resulting in enhanced plant performance.

Concluding, bearing the ability of P solubilization, among others, the inoculation of PGPB strains and
AM fungi propagules joined by integration of Sebacinales in agricultural fields with adapted
management practice and plant selection could improve the effectiveness of BoneC fertilizer and the
availability of soil P reserves to needed levels for intensive agriculture production, while representing
a practical, economically feasible, environmentally sound commodity, especially in developing
countries. Therefore, this approach may represent an alternative way of P fertilization, as a
competitive alternative for intensive usage of inorganic fertilizer and synthetic pesticides. Thus, by
better understanding of the relationship of plants, AM fungi and soil bacteria and their effect on
availability of nutrient sources in soil, a most beneficial system could be designed for plant growth
promotion in organic agriculture, even under biotic and abiotic stress conditions.

3.2.5 Conclusion: BoneC as a competitive fertilizer in mycorrhizal soils

Slow release of P from BoneC constitutes the major downside of this organic fertilizer for intensive
farming practice, as discussed before (Zimmer et al., 2019). In this chapter, the ability of AM fungi and
certain soil bacteria to solubilize P was discussed. Concluding, there is evidence by Zwetsloot et al.
(2016), that in challenging soil conditions of strong P fixation capacity, by nurturing of referred soil
microorganisms in an adapted holistic agricultural system, the P availability of BoneC can be increased
drastically, to competitive levels of inorganic fertilizer like TSP in short-term. If this level of fertilizer
recovery can be established under field conditions, BoneC could become a true alternative for
inorganic fertilizer, especially in SSA, where fertilizer availability is low, very costly and soils are P
deficient often. Furthermore, plant unavailable P materials either from soil reserves or water-insoluble
fertilizer material could be utilized efficiently by this approach, in general.

A series of mechanisms induced by AM fungi activity may increase the P supply from BoneC and fixed
soil P to interconnected host plants. Firstly, most obvious, the enhanced soil exploration of hyphae in
larger distance to plant roots and also into smaller pores of the increased active soil volume makes
nutrients available, formerly unavailable by position in the soil matrix (Bolan, 1991).

Secondly, hyphae exhibit a faster uptake rate of P than plant roots (Cress et al., 1979; Sanders and
Tinker, 1973), as they display a more direct, close contact to P sources, when they grow directly onto
the surface (Sanders and Tinker, 1973) or even into crystalline structures of P containing compounds
such as BoneC (Leinweber et al., 2019). Also, hyphae possess a larger surface area (Sanders and Tinker,
1973) and higher affinity (Cress et al., 1979) for uptake and transport of P. This leads to a lower
threshold concentration for P uptake of AM fungi than of most plants, especially in high P adsorbing
soils (Bolan, 1991; Bolan and Robson, 1983; Mosse et al., 1973).

A lowered threshold in turn may improve diffusion rates, thirdly, since the concentration gradient
between P in soil solution and fixed P may be steepened (Bolan, 1991). In combination with high uptake
rates and P storage ability of AM fungi inside its mycelium (Bolan, 1991), total net P desorption may
be enhanced, which could be explained by a continuous rapid removal of P from the soil solution and
a shifted P equilibrium in favour of P desorption (Morshedizad and Leinweber, 2017).
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Furthermore, finally, the distance for diffusion of P until uptake could be shortened by extending
hyphae, growing towards the P source (Bolan, 1991; Sanders and Tinker, 1973). The direct uptake of P
from insoluble sources in the very place of solubilization by activity of fungal mycelium may represent
an efficient pathway for P acquisition of otherwise unavailable nutrient sources (Mikkelsen et al.,
2008). The controlled “solubilization on demand” by punctual exudation of protons, organic acids,
enzymes and C compounds (inducing in turn activity of PGPB, supporting P solubilization) by AM fungi
directly at the corresponding surface of the inorganic or organic P compound, in direct proximity of
roots or hyphae, followed by straightway spatial and chronological uptake of P, may decrease the
refixation of solubilized P along the diffusion pathway in soils with high P fixation capacity. No or only
little amounts of P may enter the soil solution at all, which would be in accordance with findings and
conclusion of Newman (1988), Newman et al. (1992) and Mdiller (2013), who all reported immediate
uptake and transfer of nutrients by AM fungi from a decaying host plant towards the living receiver
plant.

This discrepancy between chemical solubility and total plant P uptake of organic P fertilizer like BoneC
also found by Zwetsloot et al. (2016) may indicate the importance for mediation of P solubilization and
uptake by soil microorganisms. This way, the need for diffusion processes and the “risk” of adsorption
and refixation of P along the diffusion pathways in soil towards the plant root may be reduced or
completely avoided in mycorrhizal soils, when compared to non-mycorrhizal soils. Thus, this
mechanism may not find display in enhanced concentration of plant extractable Olsen-P in the soil
solution as this transport step could be bypassed. Hence, solubility data for fertilizer or Olsen-P in soil
solution may not fully reflect the P availability of sparsely-soluble, organic fertilizer in mycorrhizal soils
(Zimmer et al., 2019).

Further, this mechanism may be supported by findings of Thibaud et al. (1988), who found a major P
uptake from decomposed organic sources, above that from inorganic fertilizer, when both were added
to the soil simultaneously. The authors reported, that when plants were supplied with both, TSP and
plant aerial biomass with low C:N ratio, plants acquired more P from the organic source, than from the
inorganic source, as solubilized P from inorganic fertilizer was refixed on the way towards the
rhizosphere, while organic P was solubilized and taken up only by direct activity of roots and
coherently, solubilizing microorganisms. This could give hint for a more direct pathway of P uptake
from organic matter, depending on active vegetal or fungal nutrient allocation, dissolution, uptake and
transport, with less interference of potentially disadvantageous soil conditions.

As water-soluble P fertilizer like TSP can show a rapid P fixation after application in P fixing soils (Barrow
et al., 1977; Bolan, 1991; Jalali, 2006; Mengel, 1997) and a low fertilizer recovery in the first year
anyway (Johnston and Poulton, 2019; Syers et al., 2008), BoneC as an alternative to TSP may become
feasible, when AM fungi and P solubilizing PGPB are concurrent nurtured by an adapted agricultural
system. The necessary competitiveness of BoneC to TSP in mycorrhizal soils with high P adsorption
capacity was shown by Zwetsloot et al. (2016). Despite an advantageous water solubility of TSP over
BoneC, the authors found BoneC to be in the same range of effectiveness for P fertilization in a highly
P fixing, mycorrhizal soil compared to commercial TSP fertilizer (see Figure 4). Therefore, it is
speculated here, that under strong P fixing and water stressed soil conditions (Bolan, 1991), a less
soluble fertilizer like BoneC may be equally effective as TSP for P supply in presence of AM fungi, since
it becomes only available after extraction through vegetal or fungal activity, without the need to “pass”
the P fixing, diffusion-limited soil environment.

Concluding, several studies showed profound effects of AM fungi and PGPB on the solubility of
insoluble soil P fractions in general (Koele et al., 2014), and of BoneC specifically (Zwetsloot et al.,
2016). In this alternative P uptake process, under certain unfavourable soil conditions, water solubility
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of P fertilizer, diffusion and mobility of P by soil transport mechanisms may become of minor
importance, in terms of total net P supply to plants and fertilizer recovery rate, while the opposite
seems true for the level of AM fungi activity. Causal to that, negative effects on P availability by
disadvantageous dissolution properties of insoluble P fertilizer like BoneC or declining water content
of soils, e.g. caused by drought events, could be lessened. Coherently, the P acquisition capability of
plants would be sustained and mediated primarily by activity of soil microorganisms. Accordingly, all
soil P pools could be used as a source of nutrients, from readily available P in soil solution or adsorbed
on surfaces of soil particles to precipitated or mineral P. Unavailable P sources of soils could become
plant available by microbial activity (see Figure 10).
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Figure 10: Conceptual diagram of P mobilisation from soil P pools by mediation of mycorrhizal fungi and P
solubilizing soil bacteria through dissolution, uptake, transport, storage and exchange of P of all soil P sources with
host plants. Wibbing (2020).

High rates of fertilizer recovery and immediate access to supplied P over the short-term and in the
consequence high P uptake of plants may be the most important aspects of fertilizer usage in
agriculture. BoneC in combination with AM fungi displayed those features in P fixing soils, on
comparable levels as TSP (Zwetsloot et al., 2016).

Hence, all things considered, when BoneC in co-operation with AM fungi and P solubilizing PGPB can
sustain the rates of P supply to plants, equal in quantity and timing to TSP, they could represent a valid
alternative for conventional P fertilizer practice and a keystones to sustain P supply and availability in
agriculture production in the coming decades, challenged by declining P reserves, a changing
environment and unfavourable soil conditions. Maybe more importantly, BoneC could already today
serve as a suitable, alternative P fertilizer material for small-scale subsistence farmers in rural areas of
developing countries, at low costs and locally producible from a so far un-tapped waste resource.

To harness P supply from BoneC and from fixed P soil reserves in general, the promotion and nurture
of AM fungi and their accompanying beneficial soil biology should be the first priority of an adapted
agricultural system. Accordingly, additional soil and plant amendments, complementary to AM fungi
proliferation and establishment and maintenance of beneficial soil biology, are included in the holistic
system, as described in the following chapters.
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3.3 Biochar as an additional soil amendment

3.3.1 BioC General

Black carbon is the charred residue of organic biomass, incompletely combusted during occurrence of
natural fires (Atkinson et al., 2010; Cheng et al., 2008; Preston and Schmidt, 2006). In soils, due to its
relative stability and recalcitrant properties, microbial decomposition of black carbon is low. Hence, it
can represent a considerable fraction of total soil organic carbon (SOC) content, strongly supporting
the formation of stable SOM, which is often to referred as humus (Glaser and Birk, 2012; Liang et al.,
2010; Ponomarenko and Anderson, 2011). Therefore, black carbon is an important, natural occurring
factor for long-term fertility and C sequestration in natural soils (Atkinson et al., 2010; Preston and
Schmidt, 2006).

Similar, in anthropogenic “Terra preta de Indio” soils in the Amazonian region, a distinctive fraction of
biochar (BioC) and BioC residues can be found, along other fractions of ashes, human and animal
manure and kitchen and animal wastes such as bones, shells and feathers (De Gisi et al., 2014; Glaser
and Birk, 2012). After centuries and millennia since creation, fertility of those man-made soils is still
remarkably high in comparison to adjacent tropical soils, which led to research interest in mimicking
the processes of Terra Preta creation to improve stable SOM pools and soil fertility in agricultural soils
(Atkinson et al., 2010; Glaser and Birk, 2012).

3.3.2 Production and properties of BioC

BioC is a solid, carbonaceous material for soil amendment with polycyclic, aromatic hydrocarbons,
produced in the process of pyrolysis by thermal degradation of organic materials at a temperature
range of 350 to 750 °C in partly or complete absence of oxygen (Diekow, 2017; Joseph et al., 2010).
The carbonization process leaves BioC compounds with high C content (up to 90 %; Cheng et al. (2008)),
depending on feedstock composition and properties, with highly porous structures and great inner
surface area, resulting in a low bulk density (Major et al., 2010a). BioC properties of pore characteristics
(distribution, size and volume), as well as total surface area, fractional content of recalcitrant C, labile
C and ash, resulting pH, electrical conductivity and nutrient content and availability, all depend mainly
on the original biomass feedstock and pyrolysis conditions (Chan and Xu, 2009; Downie et al., 2009;
Gundale and Deluca, 2006; Keiluweit et al., 2010).

BoneC, discussed in chapter 3.1, is also a BioC, but pyrolysed from animal bone wastes and not from
woody or agricultural waste sources high in C. Thereby, its C content is significantly lower in
comparison to BioC, but contains high amounts of P, Ca and Mg. Therefore, both BioC and BoneC, have
their unique functions for regenerative agricultural practice and soil restoration and both are
considered as valuable components of the holistic approach developed in this study. However, in this
chapter, non-bone BioC is discussed exclusively.

In general, high temperature BioC tends to be more chemically stable due to its aromatic, thermally
altered structure and diminish proportion of functional groups, fostered by increasing pyrolysis
temperature (Keiluweit et al., 2010; Preston and Schmidt, 2006).

With increasing temperature in the pyrolysis process, volatiles are more and more removed from the
final BioC, which increases the porosity and volume of nano, micro and macro pores (Downie et al.,
2009). Hence, BioC specific surface area from high temperature pyrolysis were found to exceed 400
g/m? (Chu et al., 2018; Downie et al., 2009), benefitting adsorption capacity for nutrients and organic
C compounds. Further, it was found, that BioC releases humic and fulvic acids at low rates from thermal
decomposed lignin into amended soils, which may contribute intensively to observed effects of stable
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SOM formation in BioC amended soils over time (De Melo Benites et al., 2005; Hiemstra et al., 2013;
Mao et al., 2013; Ponomarenko and Anderson, 2011; Trompowsky et al., 2005).

In manifold ways, the properties of BioC may strongly improve soil fertility and thus crop production
by alteration of soil physical and chemical properties and soil life activity, when applied to soils as
amendment. Therefore, BioC may be a keystone element for restoration, conservation, resistance and
intensification of degraded agricultural land in challenging environmental conditions.

3.3.3 BioC as a soil amendment

Depending on the characteristics of the receiving soil, low BioC dosage between 1 to 20 t*ha? may
alter soil conditions profoundly (Glaser et al., 2002; Liu et al., 2012; Major et al., 2010b; van Zwieten
et al., 2010a).

3.3.3.1 BioC effects on soil properties

Bulk density and water status of soils can be improved by BioC amendment. In clayey soils, the lowered
bulk density by enhanced porous space from applied BioC contributes to a better penetration and
exploration of soil volume by roots and fungal hyphae due to reduced tensile strength (Abel et al.,
2013; Chan et al., 2007; Lehmann et al., 2011).

The water holding capacity of soils can be improved by BioC, as well as permeability and infiltration
rate (Abel et al., 2013; Kammann et al., 2011; Liu et al., 2012). Soil water can be retained in macro and
micro pores of BioC, and held especially in small pores against a strong osmotic potential of drying soils
due to BioC pore morphology (Thies and Rillig, 2009). Improved availability of osmotic regulators such
as K% in soil solution and hence in plants, induced by BioC, can improve water uptake and stomata
regulation, resulting in improved drought resistance of plants grown in BioC amended soils (Kammann
et al., 2011).

Interestingly, it was found, that a small proportion of applied BioC would be transferred to subsoil
layers over time by bioturbation and percolation processes, which may contribute to enhanced
nutrient and water uptake from those soil layers due to reduced bulk density and increased pore
volume (Major et al., 2010a). The same study came to the conclusion, that BioC due to its initial
hydrophobia, its low density and small particle size, is easily eroded in slope terrain during rain events.
Accordingly, BioC should be used in a holistic approach of soil management, preventing surface runoff,
but favouring water retention and infiltration, when incorporated into the soil matrix.

In BioC amended soils, P availability for plant uptake can be enhanced due to several effects. In acidic
soils, high temperature BioC can increase the soil pH by liming effects (Atkinson et al., 2010; Glaser et
al., 2002; van Zwieten et al., 2010a, 2010b; Yamato et al., 2006) due to its high content of ash from
ongoing volatilization of C compounds (Keiluweit et al., 2010).

During thermal degradation, with increasing temperature, minerals of the feedstock also vaporize
during BioC production. With N being mostly present in organic molecules of low thermal stability, N
content in general is decreased already in low temperature BioC, while P, K, Ca, Mg along with trace
elements of Zn, Fe and Mn, among others, are more stable in high temperature pyrolysis (Amonette
and Joseph, 2009; Gundale and DeLuca, 2006). Hence, the ash content of BioC increases as well as the
content of nutrients relative to the total mass (Keiluweit et al., 2010). Nevertheless, in comparison to
inorganic or organic fertilizers like BoneC or TSP, fertilizing capacity of BioC by nutrient content may
be of negligible order (Gundale and Deluca, 2006; Thies and Rillig, 2009), as content and availability of
nutrients especially of P is low, whit only some trace elements present in effective quantities (Naeem
et al., 2014; see Table 2).
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Table 2: Nutrient content and availability of wheat and rice wheat straw BioC (pyrolysed at 300 and 500 °C for 20
min at peak temperature), BoneC (from rendered or unrendered bones with or without corn or wood biomass,
pyrolysed at 750 °C for 45 min) and Triple Superphosphate, adapted and modified from Naeem et al. (2014) and
Zwetsloot et al. (2014)). (-) = not analysed, * = calculated as percentage of AB-DTPA extractable nutrient content
to total content of biochar (adapted from (Naeem et al., 2014)), ** = calculated as percentage of water soluble
nutrient content to total content of material (adapted from (Zwetsloot et al., 2014)).

Pyrolysis Total nutrient content and percentage of plant available nutrients to total content
Material temp. N P K Ca Mg Fe Zn Mn
(°c) g/kg of material mg/kg of material
Wheat 300 13.8 2.6 30 6.3 4.5 158 47 106
straw BioC (-) (4.3%)* |[(43.3%)* | (17.0%)* | (6.7%)* |(46.2%)* |(14.3%)* | (1.3%)*
Wheat 500 8.5 3.4 36 8.7 6.9 422 70 163
straw BioC (-) (1.9%)* |[(27.8%)* | (8.7%)* (3.2%)* |[(13.5%)* | (4.3%)* | (2.6%)*
Rice straw 300 115 1.1 36 9.1 8.1 195 67 396
BioC (-) (4.1%)* | (50.0%)* | (6.2%)* | (19.1%)* | (16.7%) |(20.4%)* | (21.7%)*
Rice straw 500 8.5 14 48 13.3 11.3 521 98 649
BioC (-) (1.6%)* |(22.9%)* | (3.1%)* | (9.7%)* | (4.1%)* | (5.7%)* |(19.5%)*
B Ccf
onetfrom 109.5 204.1
unrendered 750 - (3%)** - ) - - - -
bones
BoneCfrom
d d
bones and | 750 58.1 110.
corn (4.3%)** (-)
biomass
BoneC from 153.2 3371
rendered 750 - (0.3%) ** - ) - - - -
bones
BoneC from
d d
rbeohne(:-:.;n:\nd 750 116.6 2583
wood (0.4%)** (-)
biomass
Tsp 205.3 161
(10.0%)** (-)

However, as content of oxides of Ca, K and Mg is enhanced during high temperature pyrolysis,
formation of hydroxides is promoted, which again can form carbonates with soil liming properties in
reaction with soil water and CO, (Joseph et al., 2010).

With increasing pH of soils, solubility of P and trace elements can be improved (Atkinson et al., 2010),
while the mobility of potentially toxic heavy metal compounds like Al, Zn, Mn and Cu is reduced (Hua
et al., 2009; Lehmann et al., 2003; Pandit et al., 2018; van Zwieten et al., 2010a; Yamato et al., 2006).
Hence, P precipitation with those metals may be lowered, improving access to available P in the soil
solution for plant roots and soil microorganism (Atkinson et al., 2010).

Availability of P for plant uptake is also improved by high adsorption capacity of amended BioC. Fresh,
unoxidized BioC possesses great positive surface charge responsible for high anion exchange capacity
(AEC) (Cheng et al., 2008). Solubilized P can be adsorbed to BioC surfaces in a labile state, increasing
the plant available P pool in soils. It was further found by Cheng et al. (2008), that the displayed AEC
of fresh BioC is transient and altered with increasing soil pH and temperature, as oxidized, aged BioC
gains negative over positive surface charge, contributing fundamentally to increased cation CEC of BioC
amended soils over time.
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Coherently, the availability of other soil nutrients and trace elements such as Ca, K, Mg (Glaser et al.,
2002; Pandit et al., 2018), and also boron (B) and molybdenum (Mo) (Rondon et al., 2007) were found
to be enhanced in BioC rich soils. Bases contained in the ash fraction of BioC can enhance base
saturation of soils (Glaser et al., 2002; Yamato et al., 2006). Thus, decline of pH by acidifying soil
processes (e.g. from charge balancing by plant uptake of NH} ) can be lowered when BioC is amended,
which may prevent substantial re-precipitation of solubilized P.

In coherence, Hammer et al. (2014) reported fertile microsites on BioC in soils with high P
concentration, which could be out of reach from P fixing Fe, Al and Ca oxides. Interestingly, in
accordance with recent findings of Takaya et al. (2016), they further reported higher P adsorption by
ash-rich, high temperature BioC than ash-free BioC from low-temperature processes.

Yet, due to the high nutrient adsorption potential of fresh, untreated BioC, soil amendment may
facilitate nutrient binding to BioC surfaces, when the external nutrient concentration in the soil
solution is higher than the internal concentration at BioC surfaces, which can outcompete plant
nutrient uptake. Hence, fresh BioC without post-treatment after pyrolysis may act as a competitor for
soil nutrient uptake, whit observed negative effects on agricultural production (Joseph et al., 2018).

To accomplish increased nutrient availability in soils, BioC should be activated prior to soil application.
In recent studies, co-composting of BioC as post-treatment with organic material such as agricultural
wastes, kitchen wastes or animal and human manure was studied to induce nutrient loading of BioC
with positive effects on crop growth, as nutrient availability for plant uptake was again increased (De
Gisi et al., 2014; Hagemann et al., 2017; Joseph et al., 2018; Taghizadeh-Toosi et al., 2012a).

By co-composting of BioC with animal manure and green waste or straw respectively, both Hagemann
et al. (2017) and Joseph et al. (2018) reported the formation of nutrient rich, highly porous,
heterogenous, hydrophilic organomineral layers on outer and inner surfaces of BioC particles,
consistent of porous micro aggregates, which were formed from BioC nanoparticles, clay-mineral
complexes and humic-like substances from organic matter. This coating of BioC surfaces enhanced
porosity, nutrient adsorption, water retention and redox activity of the BioC induced soil aggregates,
while excessive oxidation was prevented. It contained drastically enhanced nutrient concentration
(also of anionic N and P) and trace elements and were profoundly colonized by fungal hyphae.

When placed in nutrient deficient soils, the pre-treated BioC may exhibit nutrient leaching effects
towards the soil solution, as the equilibrium will be in direction of nutrient desorption, thus nutrient
availability for plants could be enhanced.

3.3.3.2 BioC effects on soil microorganisms

With high density of labile nutrients adsorbed on BioC surfaces, BioC particles in soil may become
attractive, habitable “hotspots” for nutrient mining by roots, bacteria and fungi (Hammer et al., 2014;
Warnock et al., 2007).

Hammer et al. (2014) observed growth of AM mycelium on and into pores of both ash-poor wood BioC
and ash-rich, high pH BioC from chicken manure (see Figure 11). Here, AM fungi were able to directly
utilize surface adsorbed P, which was considered not root available due to small pore size, but
exclusively available to soil microorganisms. The authors found close fungal attachment to the BioC
surface by secretion of exudates, which enabled direct nutrient uptake of P ions and transfer to plant
roots, while diffusion into the soil solution could be effectively prevented.

Further Hommer et al. (2014) reported, that AM fungal hyphae also showed ability of biosensing by
discriminating against nutrient-poor BioC, while favouring growth on and into nutrient rich BioC pores,
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Figure 11: Microscopy images show the interaction of AM fungal hyphae and particles of chicken manure BioC.
Outer surfaces of BioC are colonized by hyphae (A), as well as inner parts of BioC (B), as shown by cryoSEN. BioC
can be completely covered by hyphae in M-medium (C), which can establish distinct hyphal connection of BioC
particles in MilliQ water (D), from Hammer et al. (2014), p. 257.

which also increased AM fungi colonization of BioC (Hammer et al., 2014), similar to discussed fungal
growth into organic patches in the soil matrix (see chapter 3.2.1.5).

Jin (2010), Steiner et al. (2008a) and (2007a) all reported enhanced abundance of microbes, when BioC
was applied to soils. The small labile C fraction constituting 2 to 3 % of total BioC was rapidly
metabolised, most of it over the course of one year (Major et al., 2010a). Yet, in low temperature BioC,
labile C fraction is larger and therefore contributes to higher activity of soil microbes in the first weeks
of application (Whitman et al.,, 2016). Anyhow, Steiner et al. (2008a) further reported, that
pyroligneous acids from condensated pyrolysis exhaust gases and other pyrolysis condensate residues
can spike microbial activity and total biomass alone, more profoundly than single BioC application.
Thus, it was indicated, that soil bacteria can utilize pyrolysis residues along with the labile C fraction of
BioC for metabolism, although the consumable fraction remains low in comparison to recalcitrant
fraction.

As the abundance of microbes can be enhanced, also their community composition can be altered by
BioC amendment (Graber et al., 2010; Steiner et al., 2007a). In accordance to findings of Graber et al.
(2010), Zheng et al. (2018) reported a shift of bacterial community towards a more beneficial taxa of
plant growth promoting Pseudomonas spp. and Bacillus spp., which may further improve the
availability of key nutrients in soils like P from enhanced solubilization. These findings may be
supported by Jin (2010), Jindo et al. (2012) and Yoo and Kang (2012), who all found increased levels of



Literature review: Biochar as an additional soil amendment 50

enzymatic alkaline phosphatases in BioC amended soils, which indicates enhanced utilization of soil P
through microbial activity.

In this regard, BioC not only can activate microbial activity and thereby induces production of nutrient
solving exoenzymes in soil solution, but may also serve as a reservoir for adsorption and protective
retention of said enzymes in soils, preventing grazing and leaching, while their activity remains,
according to findings of Sanchez-Hernandez (2018).

Among others, Rhizobium spp. activity and abundance were found to be enhanced by BioC induced
availability of trace elements, such as B and Mo (Rondon et al., 2007). Several mechanisms may come
into play in this regard: Firstly, adsorption of NH} on BioC surface decreases plant available N in soils
(Steiner et al., 2008b), which may induce enhanced biological N, fixation by legume plants, as was
shown by Rondon et al. (2007) with common bean (Phaseolus vulgaris). Secondly, BioC can enhance
availability of P and trace elements, securing nutrition demands of N, fixing bacteria (DelLuca et al.,
2009; Rondon et al., 2007), which is fundamental for functioning of N, fixation itself (Rabie and
Almadini, 2005). Finally, BioC may act as a reservoir for chemical signalling molecules (e.g. flavonoids
inducing nod formation in legume roots). Hence, adsorbed to BioC surface, these molecules are
protected from leaching or predators, remaining active after desorption (Thies and Rillig, 2009).
Concludingly, N, fixation was observed to improve in presence of BioC, with corresponding enhanced
N, fixation rates and plant N status (Rondon et al., 2007; Thies and Rillig, 2009).

Interestingly, Xie et al. (1995) found the very same chemical signals responsible for formation of
nodules in roots of legume plants to also affect the root colonizing activity of AM fungi. The production
of chemical signals in legume roots was induced by Rhizobium sp. and Bradyrhizobium sp., which lead
to increased rates of AM fungi root colonization. Further, according to Yoo and Kang (2012), BioC can
also induce activity of Paenibacillus species, which were reported by Hildebrandt et al. (2002) to
enhance fungal mycelium growth. Therefore, by enhancing activity of mycorrhiza helper bacteria (e.g.
Rhizobium spp.) through BioC soil amendment, AM fungi symbiosis with host plants may be
strengthened. In combination with reduced tensile strength of black carbon soils, AM fungi hyphae
proliferation could be improved, which may be in accordance to increasing AM fungi root colonization
rates of plants in BioC soils (Yamato et al., 2006).

In general, chemical signals needed for AM root colonization and spore germination (e.g.
strigolactones) can be adsorbed on BioC surface and remain activity. Thus, BioC serving as a protective
“reservoir” for AM signal molecules, may contribute to establishment of AM symbiosis (Akiyama et al.,
2005; Warnock et al., 2007), which ultimately, can again increase access to soil nutrients and water.
Therefore, a co-operative, beneficial tripartite relationship between N, fixing bacteria, AM fungi and
legume plants may be established and induced by BioC in soils (DeLuca et al., 2009; Warnock et al.,
2007; Xie et al., 1995).

There is strong indication, that BioC pores act as a beneficial, colonizable soil habitat and growth
substrate matrix for soil microorganisms (Hammer et al., 2014; Jin, 2010; Joseph et al., 2010; Postma
et al., 2013), with enhanced moisture levels even below the permanent wilting point of surrounding
soil (Kammann et al., 2011; Lehmann et al., 2011) and presence of adsorbed organic C compounds and
nutrients for metabolism (Liang et al., 2006; Thies and Rillig, 2009). Also, by alteration of oxidative
state of BioC, changing adsorption conditions are created, with altered oxygen concentrations, high at
the outer BioC surface, while decreasing towards the inner core (Joseph et al., 2010; Liang et al., 2006;
Thies and Rillig, 2009), possibly benefitting a wide array of microbes, e.g. associative diazotrophs for
additional N, fixation.
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AM hyphae may also benefit from establishment of a protective space in soil by BioC pores, rich in
nutrients of N and P (Thies and Rillig, 2009). It is speculated here, that BioC pores may actually serve
as a last available habitat and consequently “meeting point” for diverse soil microorganismsin severely
water stressed soils. BioC pores (or soil aggregates in general) may be the last resort for nutrient and
water acquisition by fungal hyphae in these soil conditions. When fungal hyphae would directly gather
nutrients inside the BioC pores from nutrient solubilizing bacterial partners as indicated by Hammer et
al. (2014), once again limiting diffusion processes and lack of soil moisture would not cause total
shutdown of plant nutrient supply (Jin, 2010; Thies and Rillig, 2009). Then again, when BioC actually is
processed from P rich animal bones as discussed in chapter 3.1 and serves as a microbial-protective
habitat with a diverse set of environmental conditions and concurrently, as nutrient rich substrate for
P solubilization, fundamental effects on P supply in dry or P fixing soils could occur, as indicated by
Zwetsloot et al. (2016).

3.3.3.3 BioC effects on soil processes

Following BioC induced alteration of soil properties and activation of beneficial soil life, also soil
processes can be profoundly improved by BioC soil amendment, benefitting nutrient availability and
usage efficiency as well as overall soil status.

Gundale and Deluca (2006) and Nelissen et al. (2012) showed, that BioC can amplify net N
ammonification as well as nitrification rates, hence N turnover in BioC amended soils, through
stimulation of microbial activity. In accordance to that, Jin (2010) found enhanced levels of enzymatic
leucine aminopeptidase, which facilitates the turnover of organic N fractions in BioC amended soils.

Yet again, by higher AEC and CEC, NO3 and NH; may be adsorbed at BioC surfaces, buffering plant
available N (Nelissen et al., 2012; Steiner et al., 2008b; van Zwieten et al., 2010b). Further, this may
prevent N losses by leaching, especially of highly-soluble NO3 after nitrification (Glerefia et al., 2013;
Steiner et al., 2007, 2008) or enhanced volatilization (of nitrous oxide (N,0) from NO3 or ammonia
(NH3) from NHJ; Kammann et al., 2012). Hence, by BioC induced activity of soil microorganisms,
nutrient availability in soils may be improved, benefitting plant growth.

The process of leaching can be reduced by BioC especially in sandy and highly weathered, acidic, clayey
soils of the humid tropics (Atkinson et al., 2010; Steiner et al., 2008b; Yamato et al., 2006), as nutrients
are retained by total surface sorption area and CEC of BioC, despite a higher nutrient content of soils
(Liang et al., 2006). In accordance, several studies reported significant interaction of BioC and fertilizer,
resulting in higher N fertilizer efficiency and responding yield increase, when N fertilizer was applied
along with BioC due to retention of nutrients (Chan et al., 2007; Glierefia et al., 2013; Lehmann et al.,
2003; Steiner et al., 2008b; van Zwieten et al., 2010a; Yamato et al., 2006).

However, the volatilization of N as NH; becomes especially viable in alkaline soils treated with urea
fertilizer or urine. Taghizadeh-Toosi et al. (2012) showed, that in BioC amended soils, NH;
volatilization from NH} contained in cow urine was reduced by 45 % in comparison to unamended
soils, while the plant uptake of N was increased. Therefore, the adsorption of NH; and NH} on BioC
surfaces may reduce N losses.

Furthermore, in line with results of Van Zwieten et al. (2010), Kammann et al. (2011), (2012) and (2015)
found reduced greenhouse gas (GHG) emissions in BioC amended soils, as N,0 formation was
decreased in comparison to unamended soils, despite adopted practices stimulating N,O emissions
(soil water saturation, excessive N fertilization). BioC can improve aeration of soils, decrease
denitrification by adsorption of NO3 (van Zwieten et al., 2010b), prevent excessive degradation of
labile SOM for denitrification by rapid inclusion into stable soil aggregates (Liang et al., 2010; Wang et
al., 2017) and increase N uptake by enhanced plant growth (Steiner et al., 2008b). All those effects
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were suggested as possible mechanisms for reduction of N losses and GHG emission by BioC
amendment of soils.

Anyhow, next to nutrients also organic C compounds can be adsorbed onto the surface of BioC in soils
and further may contribute to high surface charge density, which translates into a higher CEC (Liang et
al., 2006). Van Zwieten et al. (2010) found uptake of heavy metals inside BioC macro pores,
contributing to phytoremediation effects of BioC in contaminated soils.

Additionally, BioC was found to display high affinity to adsorb potentially toxic organic molecules such
as residual herbicides, fungicides and pesticides (Hilber et al., 2009; Smernik et al. (2010) in Joseph et
al., 2010) as well as growth inhibiting phenols and allelochemicals (Bonanomi et al., 2015; Gundale and
Deluca, 2006). Consistently, BioC may contribute to detoxification of soils, which toxicity otherwise
may diminish or even prohibit root or microbial growth (Bonanomi et al., 2015; Wallstedt et al., 2002).

3.3.3.4 BioC effects on stable SOM formation

BioC can clearly facilitate soil phytoremediation and lowers abiotic stress factors for plant growth.
However, former soil status is not simply restored, but soil structure and fertility can be drastically
improved by BioC induced effects of enhanced formation of stabile SOM.

BioC application may contribute to the restoration and conservation of fertile soils over the long-term
by fostering aggregation and formation of stabilized, organic-mineral macro aggregates with high
content of organic matter and humic substances (HS), both of pyrogenic and non-pyrogenic C origin.

The formation of stable SOM aggregates with high CEC, due to slow, but steady mineralization of BioC,
may be facilitated by release of humic acids and humic-like substances into the soil matrix (Hiemstra
et al., 2013; Mao et al., 2013; Ponomarenko and Anderson, 2011; Trompowsky et al., 2005). De Melo
Benites et al. (2005) found high aromaticity of humic acids from black carbon soils, which were highly
stable and reactive, contributing fundamentally to soil aggregation in kaolinite soils.

In finer textured soils, BioC particles were shown to enhance the rapid formation of water-stable
organo-mineral complexes (Liang et al., 2010; Wang et al., 2017). HS from slowly mineralizing BioC
(Trompowsky et al., 2005) and large surface areas of BioC itself may serve as nucleation sites for
aggregate forming processes with clay particles, supported by BioC induced activity of glomalin-
producing mycorrhizal hyphae (Wang et al., 2017).

Due to the hydrophobic properties of glomalin and aromatic C structures of BioC itself, SOM included
in the formed aggregates is well protected against microbial decomposition and mineralization, as
physical disturbance is reduced by improved resistance to wetting-drying cycles (Rillig and Mummey,
2006; Wang et al., 2017).

Furthermore, several studies found alteration of soil enzyme activity in BioC amended soils by shift of
microbial abundance and community composition. It was found by Jin (2010), that while activity of
alkaline phosphatase (hydrolysing organic P) and leucine aminopeptidase (decomposing organic N)
were increased drastically by BioC amendment of soil, enzymes for C mineralization of cellulose (}-D-
cellobiase) and of glucose (R-D-glucosidase) were significantly lowered.

Highest activity of nutrient solubilizing enzymes was observed on BioC surfaces. Hence, necessity for
diffusion of enzymes through the soil solution towards nutrient substrate may be avoided, when both,
production of enzymes as well as following induced hydrolysis of organic nutrients is performed
directly and in close proximity on and into the BioC porous structure. The author concluded, that P and
N use efficiency was enhanced and corresponding C consumption by microbes was lowered by BioC,
which decreased rate of C mineralization in BioC amended soils (Jin, 2010).
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BioC amendment of soil led to a more efficient nutrient acquirement efficiency and thus decreased C
utilization for nutrient supply, which again protected SOM levels in soil (Jin, 2010). Likewise, Yoo and
Kang (2012) also reported enhanced activity of phosphatase, but diminishing R-D-glucosidase activity
in BioC soils. Conclusively, C mineralization of labile SOM may be strongly suppressed in BioC amended
soils by enzymatic regulation, adsorption and inactivation of C mineralizing enzymes by BioC and rapid
inclusion of labile SOM in protective macro aggregates, although the exact reasons remain unknown
(Jin, 2010; Liang et al., 2010).

In clay free soils though, despite supporting water status and nutrient retention (Liang et al., 2006),
BioC was found to enhance mineralization of SOM (Fang et al., 2015; Wang et al., 2017).

However, in finer textures soils, C losses may be reduced substantially. Overall SOM levels of pyrogenic
and non-pyrogenic origin can be enhanced in BioC soils, when compared to BioC free controls (Glaser
et al., 2002; Liang et al., 2010; Major et al., 2010a; Steiner et al., 2007b; Wang et al., 2017; Whitman
et al., 2016).

These processes, all induced by BioC soil amendment, may contribute fundamentally to the formation
of stable SOM along with the remarkable high levels of reactive HS found in Terra Preta soils (De Gisi
et al., 2014; De Melo Benites et al., 2005; Glaser and Birk, 2012; Jin, 2010; Liang et al., 2010). Despite
challenging environmental conditions of often acidic, highly weathered, clayey soils in high
temperature tropical regions, highly fertile soil could be created by addition of suitable BioC, while C
can be sequestered long-term over centuries to millennia, depending on BioC and soil characteristics
(Fang et al., 2015; Kuzyakov et al., 2009).

3.3.3.,5 BioC effects on plant growth

High fraction of stable SOM can increase water status and fertility of soils substantially. Next to
alteration of abiotic stress factors, BioC may also improve biotic stress resistance of plants, as different
mechanisms of BioC induced suppression of diseases were proposed by Bonanomi et al. (2015).

Firstly, BioC may induce systemic resistance in host plants. Mehari et al. (2015) were able to induce
systemic resistance of tomato plants by soil amendment with greenhouse waste BioC (pyrolysed at
450 °C). As a result, tomato plants grown in BioC soils were primed for enhanced resistance, prior to
infestation with pathogenic Botrytis cinereal, as their oxidative defense system measured as increased
H,0, content was upregulated. Consequently, severity of pathogenic attack was reduced
substantially. Similar results were reported by Elad et al. (2010) for protection of pepper and tomato
plants with BioC soil amendment against powdery mildew.

Secondly, microbial activity in the rhizosphere including AM fungi can enhance disease resistance by
improved nutrient supply to plants, competition for infections sites and competition for soil nutrients
(Harrier and Watson (2004)). Moreover, Postma et al. (2013) showed, that beneficial bacteria can
colonize the surface of BioC particles and fundamentally contribute to resistance to plant pathogens.
BioC induced increase of AM fungi root colonization of asparagus resulted in higher root biomass, but
also in less root lesions from infestation with pathogenic fungi of Fusarium spp. (Elmer and Pignatello,
2011). Similar, Matsubara et al. (2002) reported strong depression of Fusarium wilt in mycorrhizal
asparagus plants, when the growing substrate was amended with BioC.

Further, BioC may display fungitoxic effects in the soil to some extent (Bonanomi et al., 2015) as certain
volatile organic compounds may be produced during pyrolysis and were found to be sorbed on BioC
surfaces (Spokas et al., 2011).

Undecomposed or decomposing fresh organic materials can release phytotoxic compounds in the soil,
especially in anaerobic conditions, which may increase pathogenic fungal growth and hence, the
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susceptibility to soil pathogens (Bonanomi et al., 2011). Therefore, finally, allelochemicals and
phytotoxic compounds can be adsorbed at BioC surfaces, preventing possible root damage, which
again decreases susceptibility for infestation (Bonanomi et al., 2015).

All things considered, BioC particles may serve as artificial soil aggregates, stabilizing and retaining
organic C and solubilized nutrients by adsorption and prevention of leaching, volatilization or re-
precipitation (Kammann et al., 2012; Steiner et al., 2008b; Yamato et al., 2006), containing water
against high osmotic potential and harbour diverse soil microorganisms with beneficial properties for
soil fertility and plant growth inside their aggregate matrix, protected from degradation, predators and
unfavourable soil conditions. As BioC properties may affect soil constituents and microorganisms the
most in close proximity to BioC particles, diverse habitats for proliferation of diverse microbial
communities can be created (Joseph et al., 2010; Thies and Rillig, 2009).

Accordingly, in conjunction with a higher shoot-to-root ratio of plants grown in BioC amended soils
and improved root growth in general (Kammann et al., 2011; Lehmann et al., 2011), the improvement
of crop yield by BioC soil amendment were reported for a variety of plants and ecosystems (Lehmann
et al., 2003; van Zwieten et al., 2010a; Yamato et al., 2006).

Lehmann et al. (2003) reported enhanced growth performance of cowpea (Vigna unguiculata (L.)
Welp) of +43 %, when Ferralsol soil was amended with BioC produced from secondary forest biomass,
applied at 10 % weight basis. BioC from unspecified wood at a single application of 20 t*ha* enhanced
nutrient availability in a Colombian savanna Oxisol, which resulted in increased maize yield of +28, +30
and +140 % in the second, third and fourth year after application, in comparison to the control (Major
et al.,, 2010b). Moreover, Yamato et al. (2006) also showed improve yields of peanuts (Arachis
hypogaea L.), maize (Zea mays L.) and cowpea (Vigna unguiculata [L.] Walp) by BioC addition (BioC
from Acacia mangium bark at 10 |*m2, fertilized with 50 g*m2 NPK). Especially maize benefitted from
BioC addition, as yields almost doubles in comparison to single NPK application. Finally, positive effects
for wheat yields by slow pyrolysed papermill waste BioC amendment (10 t*ha™) of a Ferralsol were
reported, when applied along a chemical fertilizer (up to +250 % yield increase of wheat (Triticum
aestivum), soybean (Glycine spp.) and radish (Raphanus sativus) in comparison to unamended control),
while results of the same application of a Calcarosol varied between crop species. Hence, agronomic
benefits of BioC application to soil may be primarily dependent on soil types and conditions (van
Zwieten et al., 2010a).

3.3.4 Activation of BioC: nutrient loading by composting or Terra Preta Sanitation

According to findings of Hagemann et al. (2017) and Joseph et al. (2018), pre-treatment of fresh BioC
by co-composting should be considered in practice, prior to soil application, as its effects on soil fertility
and plant growth in receiving soil can be fundamentally improved.

For better closure of nutrient cycles, inspired by creation of anthropogenic Terra Preta soils in
Amazonian regions, resource-oriented TPS became interest of scientific research in the last decade (De
Gisi et al.,, 2014; Factura et al., 2010). In this system, human manure is collected (together or
separately) in mobile, water-less sanitation devices. While collection in the storage tank of the toilet
device, in a first process step, storage and sanitization of faecal matter and urine can be performed in
low oxygen conditions in presence of anaerobic lacto-fermenting bacteria, supplied with external
source of carbohydrates (e.g. molasses). In a following second process step of aerobic
vermicomposting, the sanitized substrate may be mixed with aged Terra Preta soil, pulverised BioC,
woody waste materials, stone meal and water to then be processed by earthworms and soil
microorganisms into highly fertile Terra Preta compost (Factura et al., 2010). Supporting, Taghizadeh-
Toosi et al. (2012b) reported, that NH; from compost or manure can be adsorbed and retained on
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BioC surfaces, and was found to become bioavailable, when introduced into the soil matrix. Hence, it
also seems viable, to charge BioC directly with nutrients from animal or human manure as post-
treatment before soil amendment. Nutrient recovery from so far non-utilized wastewater could be
increased, with beneficial impacts on soil fertility and the environment by prevention of nutrient entry
into water bodies from untreated wastewater, although possible contamination of the compost with
wastewater pollutants has to be dealt with.

Apart from nutrient loading of BioC before soil amendment, BioC properties can also be altered by
alternative pre- and post-treatment of feedstock and produced BioC respectively.

It was reported, that specific surface area and total pore volume (and hence porosity) of BioC increased
drastically from 9.36 m?*g? and 0.012 cm3*g? to 930 m?*g! and 0.558 cm3*g? respectively, with
corresponding higher nutrient sorption ability, when the BioC feedstock (pine sawdust) was soaked in
solution of phosphoric acid (H;PO,) prior to pyrolysis at 500°C (Zhao et al., 2017).

Similar results were reported by Chu et al. (2018), who found doubled specific surface area by post
treatment of pine sawdust BioC with H;PO,, when compared to untreated BioC (around 800 m?*g*
to 400 m?*g? at 650°C). However, when the feedstock material was treated with the acid prior to
pyrolysis, the produced BioC show again increased specific surface area of around 1.600 m?*g?. As a
side effect, acid treatment also increased total P content in BioC significantly, with further enhances
the fertilizing value of acid treated BioC (Chu et al., 2018).

Likewise, the sorption capacity of BioC can also be increased by steam treatment after BioC production.
Alvarez et al. (2014) produced a BioC from rice husks with enhanced surface area by steam activation
at 800 °C for 15 minutes. At this temperature, steam is directed through a fixed bed reactor filled with
BioC, which gasifyes C atoms at the BioC surface, increasing the porous structure.

Interestingly, BioC can also be utilized as a feed supplement for livestock, firstly, improving animal
health, feed efficiency and productivity, while, secondly, BioC is enriched in nutrients and bacteria from
the digestion processes (Schmidt et al., 2019). Moreover, methane production in rumen of cattle can
be significantly reduced by BioC feed supplement, which could decrease GHG emissions of livestock
production (Leng et al., 2012).

3.3.5 Economics of BioC as soil amendment

BioC can either be bought from industrial suppliers or be self-produced from organic (waste) biomass
on-site by pyrolysis in earth kilns or self-constructed pyrolysis system (Diekow, 2017).

Dosage of BioC application for plant growth enhancement strongly varies in literature, as positive
effects of soil amendment depends strongly on local soil and environmental conditions as well as BioC
properties.

While high dosage exceeding 100 t*ha™ seems unfeasible in regards of economics, application of 1 to
20 t*ha? BioC could be expected to increase yields, as was reported by several authors, while being
economically viable and processable, especially when BioC could be self-produced on-site, from
agricultural waste materials (see Table 4). However, already small dosage of under 5 t*ha™ can have
fundamental effect on plant growth (Glaser et al., 2002).

As many rural areas of developing countries are constrained in access to suitable feedstock for BioC
production and farmers are often resource limited (Lehmann and Joseph, 2009), in the following, on-
site feedstock production for BioC production integrated in a holistic agricultural management is
discussed.
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Production potential of BioC from different wood production systems is estimated in Table 3, but is
highly dependent on multi-layered parameters. For wood biomass production potential these are soil
and climate conditions, plant management and fertilization, planting density, tree species used,
cultivation duration, yearly wood biomass harvesting quota and previous land usage (Chandrashekara,
2007; David and Raussen, 2003; Grattan and Grieve, 1992; Jama and Getahun, 1991; Jama et al., 2008;
Kimaro et al., 2007; Lehmann et al., 2003; Nyadzi et al., 2003). Further, for the pyrolysis system and
actual BioC production as well as (annual) BioC yield potential, factors of heating rate, co-pyrolysis
material, pyrolysis temperature etc. are decisive (Chan and Xu, 2009; Downie et al., 2009; Gundale and
Deluca, 2006; Keiluweit et al., 2010; Preston and Schmidt, 2006).

Anyhow, under certain soil and environmental conditions, woodlot systems of Acacia sp., Calliandra
sp. or Sesbania sp. trees could produce BioC feedstock for BioC production in a relative short time of
two years rotation cycles, resulting in final applicable BioC quantities from 5.8 to 6.4 t*ha (David and
Raussen, 2003), when pyrolysed with adequate technology. Interestingly, while no intercrop was
cultivated during wood production, follow-up crops (wheat and maize) performed significantly better
in comparison to natural fallow or continuous cropping due to increased soil N content (David and
Raussen, 2003; Nyadzi et al., 2003).

While agroforest systems may show comparable (annual) BioC yield potential in comparison to wood
lot systems (see Table 3), tree stems first have to develop sufficiently to allow frequent pruning for
efficient production of wood biomass and green leaf manure or livestock fodder before start of cutting
(Chandrashekara, 2007; Jama et al., 2008). Therefore, it may be feasible to start BioC feedstock
production in a woodlot system with high tree densities, which is thinned out after around 2 years,
yielding potentially 2.9 to 3.2 t*ha™ and 4.35 to 4.8 t*ha BioC, when 50 % or 75 % of trees are removed
(considering values reported by David and Raussen (2003)). By thinning, feedstock for BioC is
produced, while the woodlot system could be transformed into an alley cropping system with well-
developed tree stems in rows and sufficient space for intercropping in the interspace, already enriched
in soil N by the thinned out, leguminous trees (with 2 or 4 m row distance accordingly to the ratio of
tree removal, when 10.000 trees*ha in 1 x 1 m spacing is assumed as in David and Raussen (2003)).
Following, in an established agroforestry system with intercropping, annual BioC yield potential may
range between 500 to 800 kg*ha, assuming one-third to half of newly produced woody biomass from
trees is pruned annually, as recommended depending on tree species by (Chandrashekara, 2007).

With prices starting around 300 USD*t! BioC from commercial suppliers (Joseph et al., 2013) or costs
around 40 USD*t! in self-production with modern batch kilns from on-site waste materials (Joseph et
al., 2009), calculation for BioC soil amendment economics is presented in Table 4.

Based on the findings of Major et al. (2010) the calculated amortisation time of 2.5 and 3.49 years for
application with 8 t*ha* and 20 t*ha! self-produced BioC is drastically shorter than that for purchased
BioC (see Table 4). Including certificates for CO, emission into the revenue stream, the investment
costs for BioC production could directly become negative (assuming a price of 27.5 USD*t* of CO,
emission® prevented by sequestration and about 3.3 t CO,** C with C content in BioC of 76 % (Gaunt
and Cowie, 2009; Lehmann et al., 2003)).

Hence, usage of self-produced BioC at rates of up to 20 t*ha™ may become economically feasible for
production of certain crops under certain soil and environmental conditions, after a short time.
Further, as BioC also influences fertilizer efficiency and water status as well as resistance to pest attack,

! Price of European Emission Allowance in USD*t™, accessed on the 28.10.2019; EUR/USD = 1.1085, URL:
https://www.eex.com/en/market-data/environmental-markets/spot-market/european-emission-allowances
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Table 3: Estimated BioC production potential from different wood production systems (based on results from Lehmann et al. (2003), Jama et al. (2008), Nyadzi et al. (2003), Kimaro et al. (2007),
David and Raussen (2003) and Jama and Getahun (1991)). * = C content in woody biomass was estimated at 45 % and used to calculate BioC yield potential with 53.5 % conversion factor of wood
biomass C to BioC C, from Lehmann et al. (2003); ** = Assuming linear biomass production over time.

Wood Domi t olant A Woody BioCyield | Annual BioCyield
ominant plan e
production Region Production conditions ! P ( B ) biomass | potential * potential ** Reference
system Pp- years (Mg/ha) | (MgcC/ha) (Mg C /ha*a)
Manaus,
Brazil - - - 251.2 60.5 - Fearnside et al. (1993)in
Pri Leh tal. (2003
rimary Para, Brazil| - - - 222.3 | 535 - ehmann etal. (2003)
forest
.(2001)i
Para, Brazil| - - - 225.1 | 54.2 - Johnsonetal. (2001)in
Lehmann et al. (2003)
following moderate-intensity pasture - 3.5 12.9 3.1 0.89
S d P B hbach tal. (1988
econdary ara', following moderate-intensity pasture - 8 30.4 7.3 0.91 X uschbacheretal. ( )
forest Brazil inLehmann etal. (2003)
following low-intensity pasture - 8 81.8 19.7 2.46
Western 1.400 to 1.800 mm precipitation, tree density C. Crotalaria paulina 1 10.8 2.58 2.58
i i 4 Jama et al. (2008)
Kenya paulina =349.000; T.candida =180.000 trees*ha Tephrosia candida 1 8.4 2 2
shi 700 mm precipitation yearly, 3 month old seeldings |Acacia polyacantha| 7 70.9 16.9 2.4
Inyaga, a1 R
Tanzania at.833 tr.eef*ha in 3 x4 mspacing, intercropped Leuceceana 7 as.o 1o 200
with maize in the first 3 years leucocephala . . :
improved - Nyadzi et al. (2003)
928 mm precipitation yearly, 8 week old seedlings |4 crassicarpa 5 35 8.35 1.67
fallow/ Tabora, *hali ing, i A. juli 5 20.5 4.89 0.978
rotational Tanzania at‘625 tr.ee? ha |n4x4mspacmgf|'ntercropped . julifera . . .
woodlot with maize in the first 3 years, receiving NPK A. leptocarpa 5 40.9 9.75 1.95
system Morogoro, 800 mm precipitation yearly, 5 month old seedlings |A. crassicarpa 5 51 12.16 2.43 Ki tal. (2007)
; imaro et al.
Tanzania at 1111 trees*ha™in 3 x 3 mspacing Gliricidia sepium 5 29.15 6.95 1.39
A. acuminata 2 24.3 5.8 2.9
Kabale, 1000 mm precipitation yearly, terraced slopes (8%), |Calliand .
avale P P Y v N pes (8%) alirfanara 2 25.8 6.15 3.08 David and Raussen (2003)
Uganda potted seedlings at 10.000 trees*ha calothyrsus
Sesbania sesban 2 26.9 6.42 3.21
L. leucocephala 2.7 31.8 7.58 2.81
1260 mm precipitation yearly, 6 month old L. leucocephala +
seedlings planted in plowed soil at 2 m distance Cassava 2.7 24.8 5.91 2.19
Agro- Mtwapa, between rows and 0.1 m within rows (50.000 I hala + Jama and Getahun (1991)
forestry Kenya *ha ) i o feucocepnala 27 | 241 5.75 2.13
trees*ha™), intercropped with either cassava, Napier grass
napierand bana grass at 10.000 plants*ha™ L. leucocephala +
2.7 20.4 4.87 1.8

Bana grass
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Table 4: Estimated amortisation of BioC application due to yield increase of maize, based on findings of Major et
al. (2010). * = Maize price assumed to be 165 USD*t?1, according to Index Mundi at 25.10.2019, URL:
https://www.indexmundi.com/commodities/?commodity=corn; **a = Cost of commercial BioC = 300 USD*t1, as
in Joseph et al. (2013), **b = Cost of self-produced BioC 40 USD*t"1, on-site, as in (Joseph et al., 2009).

Maize grain yield A Amortisation
A Yearly Cost for BioC ) .
BioC amendment over 4 years and . time of BioC
(t/ha) Plant spp. average per year ihcome amendment application
g€ pery (UsD)* per ha **a,b PP
(t/ha) (a)
0 17.6 (4.4) 726 0 -
8 (purchased) Maize 20.7 (5.175) 854 (+128) | 2400 18.75
8 (self-produced)| (Zea mays 20.7 (5.175) 854 (+128) | 320 2.5
20 (purchased) L) 23.16 (5.79) 955 (+229) | 6000 26.2
20 (self-produced 23.16 (5.79) 955 (+229) | 800 3.49

economic viability could actually be more profound than shown here due to savings in fertilizer,
irrigation and pesticides or simply by better plant performance under such stresses, when compared
to unamended soils.

3.3.6 Conclusion: BioC as additional soil amendment

As an aromatic, carbonaceous material, produced by pyrolysing biomass in low oxygen environment,
BioC can serve as a beneficial soil amendment for enhancing soil fertility and soil structure. Applied to
soils already in quantities of 1 to 20 t*ha, depending on BioC feedstock, production, activation
process and soil properties, BioC can improve infiltration and retention of water. It lowers volatilization
and leaching of nutrients, enhances availability of soil nutrients by neutralising acidic soil pH and
thereby immobilizes toxic elements concurrently. All, while plant available nutrient pools are enlarged
and nutrient acquisition in general is simplified by BioC.

Further, as toxic soil constituents, detrimental for plant or microbial growth, can be adsorbed and fixed
on the porous structure of BioC, it can contribute tremendously to soil detoxification and
phytoremediation approaches. Concurrently, by enhanced nutrient availability and creation of
favourable growing habitats with diverse sets of environmental conditions on the micro-scale, BioC
can induce growth of soil microorganisms and shift their community composition, among others,
towards PGPB and AM fungi. In combination with adjusted agricultural practice of intercropping with
legumes, BioC can induce tripartite relationship between plants, PGPB and AM fungi, improving soil
conditions, crop production and stress resistance.

Consistently with improved soil structuring by low bulk density of BioC, also HS are introduced by the
soil amendment, which in cooperation with active, soil exploring fungal hyphae, enhance the rapid
formation of water-stable organomineral macro aggregates. Those persistent aggregates may
protectively enclose SOM and leachable nutrients, resulting in elevated soil fertility and long-term C
sequestration for centuries or even millennia — from pyrogenic and non-pyrogenic sources, forming
stable SOM, like the famous Terra Preta de Indio.

For suitable agricultural practice, fresh BioC can be activated by co-composting with agricultural waste
or manure or utilized as livestock feed supplement, which again increases its ability for later stage soil
improvement.

Ultimately, also by BioC induced resistance to abiotic and biotic stress, crop yields can be enhanced
substantially, especially in regions of the tropics with highly acidic, hard-to-work on, fragile soils with
high rates of erosion, SOM mineralization and declining fertility. Therefore, BioC from woody waste
material, agricultural waste or even livestock bone waste may be a fundamental keystone for any
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holistic approach targeting productive and economical feasible restoration of degraded soils, as
developed in this study.

3.4 Soil remineralization for functioning of soil biology

Fundamental processes of plant functioning are dependent on sufficient supply of essential nutrients.
For adequate growth and yields as well as resistance and response to abiotic and biotic stresses, plants
require essential nutrients, including macro nutrients of N, P, K, Ca, Mg and S in larger amounts and
micro nutrients of Cu, Fe, Mn, Mo, Ni, Zn, B and Cl in very small or only trace amounts. Elements of
selenium (Se), cobalt (Co), Si and Na are considered non-essential, but potentially beneficial, at least
for certain plants (Dimkpa and Bindraban, 2016; Mengel et al., 2001; White and Brown, 2010).

While application of macro nutrients of N, P and K as conventional fertilizers is broadly established
globally as common agricultural practice, status of Ca, Mg and S as well as status of micro nutrient in
agricultural soils is often neglected and not taken care of (Vanlauwe et al., 2015). However, these
elements are of equal essentiality for plant functioning.

Mn is involved in the enzyme activation for photosynthesis and plant respiration as well as functioning
of the protein synthesis. Mg as part of chlorophyll is fundamental for functioning photosynthesis, while
Mo is active in N, fixation and N metabolism of plants in general, similar to Co, which is also a
constituent of vitamin B12. Further, non-essential Si can improve stalk stability of plants, which can
improve yields (Amelung et al., 2018; Mengel et al., 2001).

Accordingly, when plants experience deficiency of essential micro nutrients (one or multiple) due to
unavailability from detrimental soil conditions, non-adapted crop residue management, nutrient
leaching or simple low endowment from parent rock material, crop yields and general plant growth
and function can drastically decline (Vanlauwe et al., 2015). Equally, turning tables around, when
supplied in sufficient amounts to plants, micro nutrients can enhance growth and resistance to stress
factors of abiotic or biotic nature (Ashraf et al., 2014; Bagci et al., 2007; Giannousi et al., 2013; Kumar
et al., 2009; Obrador et al., 2013; Raliya and Tarafdar, 2013; Servin et al., 2015; Tariq et al., 2014).

In omission trials in Burundi, a decline by 26 % in maize yield each was observed, when plants were
fertilized with all macro and micro nutrients deficient in the growth substrate except either B or Cu.
Here, it was indicated, that all essential nutrients need to be supplied to plants in order for basic
functioning (Vanlauwe et al., 2015).

In wheat plants (Triticum aestivum L. cv. HD 2285), fertilization with 1.5 mg*kg? Cu significantly
increased all plant growth parameter in comparison to the unfertilized control, including grain yield by
+62 %, while at higher Cu application rates (2.0 and 2.5 mg*kg?), decreasing content of other
micronutrients (Fe, Mn and Zn) in leaves was observed (Kumar et al., 2009). In another study also using
wheat grown in Zn and B deficient soil, Singh et al. (2014) reported plant growth enhancement by Zn
and B in regards of total grain yield per plant (+31.8 % 