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Methodology

CAB Abstracts and Science Direct (keywords biochar, nutrients, water) along with sources at the University of Greenwich
were searched to obtain up to date research papers. Personal collections of the corresponding author were obtained from
various sources over the past 5 years were also used.
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Abstract

Biochar has consistently been proposed as a way of improving soil fertility by increasing nutrient
and soil water availability. This review critically investigates recent literature, focussing particularly
on these agronomic aspects of biochar. We clarify the differences between biochar made from plant
(plant derived biochar, PDB) and animal feedstock (animal derived biochar, ADB) and show how
pyrolysis temperature affects biochar properties. We also tabulate crop yield data against
production variables using recent field and greenhouse studies. We find evidence to suggest that
ADB supplies many more nutrients than PDB and that, in general, biochar can improve nutrient
availability indirectly through changes in pH, CEC, soil structure, improved fertiliser efficiency,
decreased nutrient leaching and may effect nutrient availability by changing nitrogenous gas release
and by changing the soil microbial community, which under some circumstances translates into
short term, increased crop yield. Few studies however show complete nutrient, especially N budgets
and elaborate on the underlying mechanisms of interaction, especially with regards to microbial
induced changes. Also the longevity of the different beneficial effects is questionable as most studies

are less than a year long.

A synopsis of the literature concludes that biochar application promotes soil water availability,
particularly in soils which are degraded or of low quality. Despite this conclusion it is hard to find
studies that have adopted methodologies which are fully appropriate to support this notion such as
available water capacity and how this changes in response to crop uptake and soil drying. We
conclude that the variability in biochar due to variable feedstock and pyrolysis process, as well as
particle size and application method, necessitates and also enables production of specific purpose—

driven biochars to benefit particular aspects of crop production.
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Introduction

The importance of biochar as a recalcitrant source of carbon sequestration in soils is put to one side
[1-3], despite a limited number of quantitative studies describing its long-term behaviour in
terrestrial ecosystems [4]. Here we focus on its agricultural opportunities [5-9]. There is considerable
interest in trying to understand how biochar application to soil might enhance crop yields [5, 10-16].
Much attention is rightly given to the importance of ‘soil health’ and its agricultural performance as
we are being challenged, globally, to halt the degradation of soils vital in sustaining and increasing

our food production.

Numerous studies have alluded to biochar as an improver of soil nutrients and water availability and
a small number of studies show that crop yields can be increased [8, 17-23]. This review, however,
shows that the effect on crop yield depends on many factors including feedstock, pyrolysis method,
pyrolysis temperature, amount of biochar applied, the application method, the soil type, the crop
grown and the climate [24,25,26]. This review aims to critique recent literature on the effect of
biochar on soil nutrient and water availability rather than simply review. It is considered appropriate
here to discuss soil nutrients and soil water availability together as their function is highly dependent

on each other and very much influenced by the carbon form and content of the soil [27].

We include in the discussion how the feedstock affects the characteristics of the biochar and find
that it is beneficial to separate biochar into two groups - plant derived biochar (PDB) and animal
derived biochar (ADB). The effect of increasing the highest temperature reached in the pyrolysis
process on the characteristics of biochar such as % ash, CEC, pH and surface area is also clarified.
Indirect effects of biochar on soil nutrient availability such as the effect on soil pH, nutrient leaching
and the efficacy of applied fertilisers is also discussed. The importance of the diversity and function

of soil flora is also considered as a means of promoting or inhibiting nutrient availability and cycling,
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along with a detailed review of the effect of biochar on nitrogenous gas release and its subsequent
effect on the N cycle. Its use as a nutrient carrier of, for example, manures and chemical fertilisers or
as a way of supplying ammonia from waste patches is also briefly touched upon. Suggestions that
biochar may increase soil water availability are discussed based on observations derived initially
from Terra preta and consideration is given to whether this translates into benefits outside these
regions and climates. We conclude with an explanation of how the production process creates

variability and therefore emphasise the importance of producing biochar with targeted soil function

and benefit.

BIOCHAR AS AN IMPROVER OF NUTRIENT AVAILABILITY FOR CROP GROWTH

Influence of biochar on nutrient availability

Biochar is known to influence soil nutrients in a number of ways. Firstly, it can release its own
compositional available nutrients directly into the soil from its ash content and, depending on
feedstock and temperature, from its structure at varying rates. Biochar can contain a number of
important plant nutrients which includes N, P, K, Ca, Mg and S, as well as micronutrients, all of which
may be released at varying rates depending on availability [20,25,28,29]. Secondly, it can change the
pH of the soil affecting the availability of the crop nutrients present [30,31]. Thirdly, it can retain
nutrients from fertilisers added to biochar amended soil through mechanism such as adsorption and
its CEC, apparently reducing their leaching [31-34], and fourthly, it can alter the amount of ammonia
(NHs) and nitrous oxide (N2O) released by soils, affecting soil nitrogen content [30,32,35-39]. Lastly,
biochar may affect nutrients in the soil through changes in microbial and fungal metabolism and

diversity which are integral in determining crop nutrient availability and uptake [40-42].
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Effect of feedstock on nutrient availability: plant derived biochars (PDB) and animal derived
biochars (ADB)

Biochar is not a term that simply covers pyrolysed C products derived from plant biomass, it also
includes a range of other pyrolysised organic materials including waste, such as poultry litter and
sewage sludge [43,44]. Biochar is therefore an umbrella term for all pyrolysed organic materials.
Each feedstock however results in a unique biochar with different nutrient concentrations and crop
availabilities which is mainly to the original elemental composition of the feedstock [20,45]. During
this review it became apparent that biochars can be categorised into two general types, those made
from plants and those made from animal products. The general differences between plant-derived
(PDB) and animal derived biochar (ADB) are shown in Table 1 [19,20,25,43-47]. Plant derived
biochars generally have higher % C compared with animal derived biochars. In a study by Singh et al.
[44] Eucalyptus saligna wood biochar (W), poultry litter (PL) and cow manure (CM) biochar all
produced at 400°C using slow pyrolysis were compared. The wood biochar had a C % of 697 g kg™
whereas the PL and CM had C % of 431 and 175 g kg* respectively. Plant derived biochars also have a
low mineral ash content compared to animal-derived biochars. For example, the wood biochar had
an ash content of 32 g kg whereas the PL and CM yielded higher ash contents of 423 and 703 g kg*
respectively. The electrical conductance (EC) of PDB is generally low compared to ADB; W biochar
E.C. was 0.09dS m™ whereas PL biochar EC was 6.32 dS m*and CM was 9.18 dS m™ [44]. This is a
similar trend to that of CEC: W- 39 mmol. kg, PL - 172 mmol. kg and CM- 208 mmol. kg. In
general, PDBs have low N and P concentrations relative to ADBs. The wood biochar had 2.1 g kg™ of
N and ~0.1 kg of P g kg, while the PL biochar contained 51 g kg of N and 5.7 g kg of P and the CM
biochar had 13.5 g kg* N and 4.3 g kg* of P [44]. The concentration of K in W was at least 15 times
less than the concentration of K in the ADB (W ~1.4 g kg compared to PL ~25g kg'* and CM ~26g kg’
1). Concentrations of S, Ca and Mg were also greater in ADB than PDB. The total elemental content of

a biochar does not however always reflect the actual concentration of nutrients available for crop

growth [20]. In general however PDBs have less much available nutrients than ADBs. The available P
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in W was much lower than in PL or CM, e.g. <0.005 g kg™ of available P in W compared to ~1.5 t02.5
g kg in the CM and PL. The measured exchangeable K (soluble), Mg and Na was also lower in E.
saligna wood than PL and CM (W contained 3 mmol. kg, PL 360 mmol. kg* and CM 475 mmol. kg?
of exchangeable K). Biochar made from grass and leaves can have greater crop nutritional content
than present in wood biochars but less than the ADB [44,45]. Peanut hull biochar however may be
viewed as a slight anomaly to the grouping of PDB versus ADB, as although the % ash, % P and % K
are lower than ADBs the N content can be as high as some ADB, e.g. peanut hull biochar produced at

400°C had an ash content of 8.2% and 30 g kg™ of N, 3 g kg of P and 20 g kg of K, the N content

being higher than that in the CM biochar [48].

The effect of temperature on the nutrient content and properties of biochar

At lower temperatures (<500°C) the feedstock characteristics have a large influence on biochar
nutrient content [28]. The concentrations of these key plant nutrients in biochar post-production are
however strongly influenced by the pyrolysis method, particularly with respect to the highest
temperature reached. Wood heated above 120°C shows some thermal decomposition and water
loss, while hemicelluloses contained within the wood are degraded at 200-260°C and cellulose at
240-350°C, lignin is degraded at 280-500°C [49]. Heating causes some nutrients to volatilize whilst
others become concentrated in the biochar [14,28]. For wood based biochars, C begins to volatilise
at 120°C, N volatilises above 200°C, S above 370°C and K and P at 700-800°C. Magnesium, Ca and Mn
volatilise at temperatures above 1000°C [50]. Therefore as temperature increases more C, N and S
may be volatilised. The change in the availability of micronutrients by increased temperature is due
to their low volatility and also by the changes in the biochar composition and its chemical structure
caused by the heat [51]. The effect of temperature on the characteristics of a biochar made from
one particular feedstock is summarised in Table 2 [19,25,28,43-45,52,53]. For any given biochar
derived from a particular feedstock, as temperature increases, the yield of biochar decreases as the

% of ash increases [25]. The % of C in the biochar increases with temperature (the exception being
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some ADBs e.g. PL and CM, where the C % can decline slightly). Perhaps more importantly the type
of C in the biochar changes as temperature increases, often with the % aromatic C increasing while
the aliphatic, labile C content declines [52,53]. There are differences between the way temperature
changes % N in PDB and ADB. In wood, pecan shell (PC) and switchgrass (SG) biochars the % N
increases as the temperature increases [44,48]. In ADBs derived from feedstocks high in N, such as
waste water sludge and PL, as the temperature increases the % N decreases [28,43,48]. In general,
the amount of N conserved in the biochar is inversely proportional to the feedstock N concentration
[28]. As P has low volatility, P concentration in general increases with temperature, however
available P in the form of PO,* primarily decreases [44,54], exception being CM biochar available P
did not change with temperature [43]. The % K also increases due to its low volatility and the EC in
general increases as pyrolysis temperature increases. In general biochar pH increases and biochar
surface area frequently increases (as aliphatic C decomposes creating biochar porosity) [44,52].
Peanut hull biochar produced at 400°C and 500°C and showed its ash content increased from 8.2 to
9.3%, pH increased from 7.9 to 8.6 and % C from 75 to 81 [45]. Poultry litter biochar produced at a
greater contrasting temperatures (350 and 700°C) showed that at the higher temperature % ash
increased (36 to 52), % C slightly decreased (46 to 44 as it is an ADB), % P increased (2.9 to 4.3), % K

increased (5.9 to 8.7) and % N decreased (4.9 to 2.7 as it is an ADB) and the pH increased (8.7 to

10.3) respectively.

Nutrient availability and effects of pH

Feedstock and pyrolysis temperature effect the concentration and the availability of nutrients as
described above. Potassium K release dynamics from a hardwood biochar (Acer pseudoplatanus, at
~500°C, from a ring kiln) was found to be different to the P release dynamics [20]. The release of K
was rapid due to its high solubility and equated to 20-50 kg ha? in the topsoil at a biochar
application rate of 20 t ha™. The amount of P release equated to only 2.6 kg ha™ however because

the release was slower compared to K, the authors suggested that P availability may continue for a
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number of growing seasons. Measuring the release of nutrients from a biochar is necessary to
calculate both the long and short-term impact of biochar on soil fertility and fertiliser use strategy.
Beiberman and Harpole [21] concluded, in their meta-analysis of 371 independent studies, that
biochar addition to soils resulted in increased soil K and increase plant K tissue concentration. They
also found, on average, increased soil P and total soil N concentrations but no significant increase in
plant tissue N and P concentrations. This again shows that biochar can increase the content of N and

P in the soil but this does not always translate into increased P and N in the plant due to low

availability in some biochar, especially PDB.

Studies have found that many biochars, especially PDBs do not contain enough nutrients to be used
as fertilisers in their own right [52] and in fact the addition of biochar by itself without added
fertiliser can have negative effects [55]. This can be due to the high C:N ratios of some biochar which
can cause N-immobilisation as microbes decompose the labile component of the biochar which may
have insufficient N, so utilisation occurs of other soil sources of N [38,56]. Biochar may also adsorb
nutrients from soils that are already subject to low fertility, further reducing the availability of

nutrients to the crop [18,34].

The release of minerals from more nutrient rich ADB however may be significantly greater compared
to PDB, suggesting that these types of biochar could be added to the soils as slow release fertilisers
[43,57]. A meta-analysis found PL biochars to have the greatest positive effect on crop productivity
[58]. These ADBs, especially when produced at lower temperatures are less recalcitrant and may
breakdown releasing their constitutional nutrients [29,36]. The N in PDB has been assumed to be of
low availability due to their heterocyclic structure [59], however N-availability may be much greater
in ADB. The N-available from animal waste biochars contains hydrolysable organic N such as amino
acids [60]. Studies involving biochar produced from plants grown with N° labelled fertiliser has
enabled N movement to be traced [29,57]. When this N** biochar was applied to soil, the isotope
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was moved from the donor-biochar into the recipient-crop. In a review of N studies, it was suggested
that the N directly available from a manure derived biochar feedstock was the main cause for the
increase in crop yield [46]. Despite other positive results, an application of a high nutrient biochar,
that exceeds required fertiliser rates and unbalances soil nutrients could increase nutrient leaching

potential and exceed recommended environmental application rates, for example, in nitrate

vulnerable zones (UK, NVZs).

Nutrient additions aside, the effects of biochar pH can be significant and are implicated in a number
of studies where vyields increase [23,33]. In acidic soil an increase in pH can increase the availability
of nutrients in the soil (particularly P) and decrease exchangeable AI** [21,48,58]. Meta-analyses
shows that the effect of biochar on crop productivity was more pronounced in acidic soils,
suggesting that one of the main beneficial effects was an increase in pH [58]. Depending on the pH
of the soil and its buffering capacity, an increase in pH can, on the other hand, be deleterious

for example, the application of a PL biochar (pH 8.4-9.0) to a soil with low buffering capacity, caused

a large increase in pH inducing serious fertility consequences [45].

Biochar prevention of nutrient leaching

The mechanisms by which biochar decreases nutrient leaching are not fully understood, however its
CEC, pH and its physical structure i.e. surface area and porosity are important components
[18,28,39,43,61]. Biochars produced at lower temperatures (250-450°C) contain greater quantities of
cellulose, hemicellulose and other more labile organic fractions (as they are only degraded or
vaporised at higher temperatures ~500°C), and may have higher CEC which aids nutrient absorption
[25,28,39,41,43,61]. Conversely, biochars produced at high temperatures, with or without the use of
steam activation, can have a highly open and porous structure; low in lignin, cellulose and labile
organic C which can also contribute to increasing its nutrient absorption capacity [28,47,62]. It is

difficult to generalise about which feedstock, pyrolysis method and temperature is best suited to
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optimise the retention of key soil crop nutrients, given the variation in their chemical properties,

however a number of studies suggest there are trends which are described in the following text

Biochar has been found to decrease leaching of NH4*, NOs™ and POs* [32,34,63,64]. An explanation
for the decrease in leaching of the NHs*and NOs is the adsorption of the NH4* to acidic biochar
functional groups [19] and the adsorption of NOs to basic biochar functional groups. As the pH of the
biochar increases with production temperature, biochars produced at higher temperatures are able
to adsorb more NOs. It is suggested that biochar can only absorb NOs if it is produced at more than
600°C [65] Other reasons for differences in N-adsorption, for example, the physical structure of the
biochar (i.e. micropore volume and surface area) were rejected by this researcher due to the

absence of any correlative trend with NOs™ adsorption.

The adsorption of NH;* has been the subject of many studies. Poultry litter and wood biochars
produced at 550°C and also 400°C showed reduced NH,4* leaching from a clay soil with no reduction
in NOs™ leaching [66]. Biochar produced from a variety of feedstock showed that the absorption of
NHs* from the soil solution varied with feedstock type and that an effect on nitrate (NOs) or
phosphate (P04*) leaching rate was rare [63]. Reduced leaching of NH4*, NOs  and P04> by 35, 34 and
21% respectively was however apparent with Brazilian pepperwood biochar (Schinus terebinthifolius,
slow pyrolysised, at 600°C, in a N, environment). Biochars produced at low temperatures however
may also be good at reducing leaching of some nutrients especially P. Application of low
temperature (250°C) biochar from switchgrass decreased the amount of P in the leachate 2-3 times
more than one produced at a higher temperature (500°C) [64]. The researchers here suggest that
reduced leaching was due to the retention of the orthophosphate by surface functional groups, Fe
and Al oxide adsorption and Ca and Mg phosphate precipitation [48]. CEC of the biochar is usually
implicated in its ability to reduce leaching of the positively charged cation NH4*. Reduced NH;*

leaching appears to be linked to the soil wetting and drying cycles [66]. The implications are that as
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biochar ‘ages’, its nutrient ion absorption capacity increases due to oxidative reactions on its surface
increasing CEC. This shows that the usefulness of using fresh biochar with low CEC in studies may be

guestionable and may not reflect biochar behaviour over a longer time period.

The benefits of biochar induced reduced leaching are likely to predominate in nutrient poor acidic
soils; however significantly reduced N, P, Mg and Si leaching was found in a fertile Midwestern US
agricultural soil with a mixed hardwood biochar (primarily oak (Quercus spp.) and hickory (Carya
spp.), slow pyrolysis, charcoal kiln, no temperature given) where leaching of total N and dissolved P
decreased by 11 and 69% [67]. The single most obvious limitation of the majority of the leaching
studies reviewed here is that they were conducted in disturbed soil columns in the absence of crops,
with limitations in the realism and control of the environmental experimental conditions compared
to those in the field. Also, without complementary measurements we cannot be sure that the
recorded decreases in nutrient leachate were due to a direct decrease in nutrient leaching and not
due to for example, a real but unmeasured increase in nitrogenous gas release. In a study by
Schomberg et al. [68] the N content in the leachate from a Ultisol was reduced after application of
various biochars, but the soil N nutrient level was not increased These authors concluded that the
high ash biochar used acted to increase in soil surface NH; volatilisation, which was responsible for
the decrease N in the leachate. Measurements of nitrogenous gas release from the soil along with
leachate measurements will provide a more complete and informative description of nutrient
cycling. It is particularly interesting and important to develop further quantitative links between

nitrogen application, changes in NOs” and NH4* leaching and that of N loss to the atmosphere.

Biochar as a nutrient carrier
Recent studies have looked at adding fertiliser e.g. NPK or manure to biochar before adding to soil
[69]. Other studies have looked at N loading of biochar using nitrogen rich sources and waste

patches, taking advantage of the ammonia adsorbing property of biochar. When biochar is placed in
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an N rich environment it can adsorb NH;* and subsequently provide this to plants when soil
incorporated [70]. This effect was greater with acidic biochars, concurring with the correlation found
between increasing acidic function groups and increasing NH,* adsorption of black carbon [19]. This
adsorption can have implications for the use of biochar in conditions where NHs is high e.g. animal
production wastes. The uptake of NH." by biochar reduces the NH; emissions from these substances
and produces a biochar that can carry and supply N. A wood based, low temperature biochar (Pinus
radiata), 350°C), has been found to capture NH4* from ruminant urine, acting as an “N sponge” and
subsequently act as a source of crop N [71]. Biochar can therefore act as a slow release fertiliser in
three different ways: 1) it can supply nutrients released from its own structure which is especially so
for ADB, or 2) it can release nutrients added to it by loading it with various fertilisers (manure/NPK),
or 3) release nutrients that biochar has adsorbed from waste e.g. urine patches. 2) and 3) may be
more relevant to PDB. Further study on these three types of application needs to be pursued, with

their subsequent effects on N soil and crop dynamics and nitrogenous gas release to elucidate the

full potential, and consequences, of the agronomic value of biochar application.

Biochar incorporation with fertiliser, effects on crop yield

Early glasshouse studies showed significantly higher yields of radish (Raphanus sativus) with
increasing rates of biochar application (green waste, 450°C, BEST energies pyrolysis) in the presence
of N fertiliser [30]; suggesting that biochar application may improve nitrogen fertiliser use efficiency.
Reduced leaching was not alluded to however; the biochar induced an increase in soil pH (and
corresponding reduction in exchangeable Als*), an increase in exchangeable P and K and a reduction
in soil tensile strength which were implicated in the improved fertiliser availability. These benefits
were also generally only apparent at application rates >50 t ha® which would currently be
economically unviable. Other glasshouse studies have shown that biochar (whole tree residues,
600°C) at lower application rates (<50 t ha) can reduce fertiliser requirements of radish and wheat

without compromising yield, reducing fertiliser cost [31]. A field study found that fertiliser use could
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be reduced without impacting on the yield of field-grown wheat by using biochar (green waste and
also 35 year old charcoal, >500°C) located specifically in the rooting zone, ‘banded biochar’ [72].
Banding reduced losses of biochar due to wind erosion and the amount needed to obtain effects to
approximately 1 t hal. Measurements of the percentage of the root length colonised by arbuscular
mycorrhizal fungi (AMF) significantly increased. The increase in fertiliser efficiency was suggested to
be due to the biochar initiated increase in the arbuscular mycorrhizal fungi colonisation of the roots
that was found and their beneficial impacts on crop nutrient access and uptake, particularly for P.
More recent studies have shown a variety of responses in crop yield, both increases and decreases,
as well as, no significant change in yield (Table 3 [22,23,31,33,36,37, 43,64,73-80]. Using a hardwood
biochar (oak and hickory sawdust 22 Mg ha™, 500°C, fast pyrolysis), applied to a calcareous soil,
there was no effects found in year one and a negative effect (-36%) in the second year on corn silage
yield [64].There was a decreased silage total N and S concentrations and decreased cumulative
uptake of total N, Mg, Cu, Mn and S, accompanied by general foliar chlorosis. They suggest that this

may have been caused by a second year reduction in soil C mineralisation as observed in other

studies using low organic carbon soils [81].

Biochar made from nut shell (Macadamia integrifolia) biochar containing high levels of volatile
organic matter (VOM, 225 g kg?), with or without fertiliser, reduced the growth of corn (Zea mays)
[41]. This was in contrast to the low VOM (63 g kg™) nut shell biochar which, when supplemented
with fertiliser, showed a significant positive effect on corn growth. The high VOM biochar caused a
decline in soil NHs" and increase in soil respiration compared to the low VOM biochar. The authors
proposed that the phenolic compounds and other substances in the high VOM biochars stimulated

microbial growth and immobilisation of plant available N.

In a recent review 50% of their compiled studies observed a short-term positive yield or growth

impact, 30% showed no differences and 20% noted a negative yield or growth effect [19]. The
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studies that showed positive effects, mainly originated from hardwood charcoal made in a
traditional kiln, or from biochars that possessed plant nutrients e.g. high N i.e. poultry manure
biochar. They rightly suggest these results may be skewed toward ring kiln production due to the
abundance of biochar made in this way. Other, recent meta-analyses point to an increase in yield
from biochar application, suggesting an overall mean increase in crop productivity of 10% [58].
Others using this approach also found, in general, increased productivity from grass and
manure/sewage biochars and high temperature biochars [21]. The studies in these reviews include
many from poor soils e.g. particularly those found in the tropics. This positivity was not as apparent
in a range of field experiments in the UK showing the effects of biochar in temperate soils [73]. Of
the seven field trials composing of 47 treatments, 3 treatments showed increases in yield, most
showed no effects and 1 treatment showed a significant yield decrease. Overall, they show that

biochar has little effect on crop yield in temperate soils, but imply better targeting may bring some

benefits to temperate agriculture [73].

In conclusion, these studies show that biochar has a variety of effects on crop yields but in general
can provide some improvement to crop yields, especially to low fertility soils, many studies alluding
to increased nutrient availability or increase fertiliser efficiency. What is less apparent within many
studies are supporting measures of changes in microbial diversity or metabolic activity, as well as

those linked to the potential for some microbes to increase soil nitrogenous gas emissions.

Biochar induced changes in soil microbes, fungi, and NH; and N»0

Relatively little is known about the mechanisms by which biochar affects microbial abundance and
diversity, while soil biota studies are severely neglected [40]. The ability of biochar to provide a
physical and chemically favourable micro-habitat for soil microbes however, particularly mycorrhizal
fungi, may help retain, as well as increase, access to soil and biochar nutrients [72]. This occurs

because biochar can provide not only a diverse source of nutrients for these microbes, but also act
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as a primary C source for respiration [82]. Produced below 500°C, biochar can contain a labile C
fraction which can stimulate microbial growth and nutrient cycling, however, this can sometimes
have negative effects on crop nutrient availability due to N and S immobilisation [41,56,83]. Biochar
may also reduce microbial stress during soil drying events if soil water holding capacity is increased
[40].

A number of studies suggest an increase or change in the microbial community of biochar amended
soils [84,85] this has been extensively reviewed in Lehmann et al. [40]. The addition of biochar
(Eucalyptus oleosa, open pan, no temperature given) increased mycorrihizal fungal colonization and
increased grain yield in wheat [86]. Recently, a wood biochar (Malus, 400°C, slow pyrolysis) was
shown to stimulate mycorrhizal fungus colonisation of the roots of Sorghum in the presence of N
over 4 weeks (in a sandy soil) [79]. Crop yield however was significantly reduced and longer-term
studies are necessary to test the link between increase mycorrhizal association and increased crop

yields. Other studies point to the effects of biochar on microorganisms through releasing or

adsorbing microorganism growth-inhibiting or promoting chemicals [41,42].

Many studies fail to measure the change in the rate of microbe induced NH; or N,O release from
their soils as a component by which biochar influences soil N. A meta-analysis carried out using 30
studies over the last 6 years showed that overall, biochar reduced soil N,O emissions significantly in
both the laboratory and field studies [87]. Alterations in emission of N,O are important as it is a
potent greenhouse gas with agriculture accounting for 58% of anthropogenic emissions, largely due
to the widespread use of synthetic nitrogen fertilisers [87, 88, 89]. Many biochar studies however do
not account for any change in soil N content and its availability caused by this change in soil
nitrogenous gas release. A number of recent studies also show an increase in N,O emissions [76,90].
Others studies show that soil surface volatilisation of NH; can both decrease and increase post-
biochar application [68,91]. Many do not then relate this information to the N availability in the soil.

A decrease in nitrogenous gas release may not always mean an increase in soil-N. A measured
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decrease in NO; release, for example, may not always relate to an increase in the available NOs".
Here the primary reason for the decrease in gas release could be the immobilisation of NO3™ within
the microbial biomass [38]. The limitations of a number of studies on N,O release are they are often
conducted using disturbed soil columns in the absence of plants, and are therefore unlikely to
represent an accurate measure of field nitrogenous gas release from growing crops. Recently, it has

been shown, that plant growth decreased N,O emissions due to its requirement for soil available N

and therefore reduced the amount available for denitrification [78].

The application of molecular approaches has assisted in elucidating the underlying mechanism of
how biochar influences soil microbes. Studies have been undertaken to identify the abundance and
measure the activity of functional marker genes, in the soil nitrogen cycling, in microbial
communities [92]. They found that biochar enhanced microbial N,O reduction and increased the
abundance of N; fixing organisms. Particularly, biochar increased the abundance and activity of a
gene (nosZ) which is believed to enhance microbial reduction of N,O to N,. They cautiously suggest
that the increased production of N; from N,O may be the underlying mechanism behind the
reduction in N,O release found in some biochar studies, but there were no measurements of N, gas
release to support their idea [92]. A number of studies mention that N, may be lost as a result of
complete denitrification after biochar application and therefore without N, loss measurements we
still lack a full picture of the effect of biochar on soil N cycling. Although biochar may mainly
decrease the greenhouse gas N,O emissions from the soils and aid in mitigation of climate change, it
may do so through increased N, gas release and this may in turn, importantly, decrease the
availability of N in the soil for crop growth. A much fuller study of nutrient cycling including N, and
N,0 gas release is necessary to fully understand biochar effects on N budgets and greenhouse gas

emissions.

Biochar in longer-term field studies
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Field studies from 2010 are described in Table 3 [22,23,31,33,36,37,43,64,73-80]. Studies where
feedstock source is not stated and/or pyrolysis method and temperature are not apparent have not
been included. There is a tendency for these field studies to use plant derived biochars (PDB) e.g.
wood, wheat straw and rice husk biochar whereas the shorter greenhouse studies use a variety of
PDBs and ADBs including dry cow manure and waste water sludge. Biochar effects on crop yields in
these field studies are generally positive, but not without some exceptions [64,73]. These exceptions
include no biochar effect and negative effects. Biochar effects on growth in glasshouse studies were
mainly positive with few exceptions [76,79]. Again, it was the inclusion of ADB which showed
positive effects on crop yield. A 64% increase in yield of cherry tomatoes (Lycopersicon esculentum)
was found using 10 t ha™ waste water sludge biochar (600°C) and fertiliser in an Alfisol [93], and an

increase in grain yield (Zea mays) of 150% and 98% with 15 and 20 t ha™, respectively applying a CM

biochar (500°C) and fertiliser to a sandy soil.

Many field studies including the ones shown in the Table 3, despite showing mainly increased yields,
rarely last longer than a single cropping season [23,35,94]. Biochar is known to alter chemically over
time due to surface oxidation affecting its CEC, EC and pH [28,44,95-97]. Physical changes occur as
labile organics are metabolised by microorganisms or oxides go through dissolution within biochar
pores, increasing the internal particle surface area [62,82]. The effect of biochar on crop yields found
in the first year of the study therefore may be greater or less than the effect in the second or third
year. Biochar studies carried out over three years are rare [73]. Jones et al. [98] is unique in that they
studied the effect of biochar over 3 years and also included measurements of the effects of biochar
on nutrient cycling They applied wood derived biochar (Fraxinus excelsior, Fagus sylvatica and
Quercus robur,~450°C, charcoal kiln) to a field maize (Zea mays cv Ohio) crop, and hay grass (Dactylis
glomerata) crop on a sandy clay loam and measured changes in soil quality factors, particularly the
microbial community, over several years. They showed an increase in grass crop nutritional quality in

year two (increased foliar N concentration) and an increase in biomass production in year three;
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there was no effect on the maize in year one showing that either time (2 years and onwards) or a
change in crop (maize to grass) induced a biochar effect [98]. There were no changes measured in
dissolved organic C and N, NOs or NH4" pool sizes and no long-term effect on N mineralization, NHs;
volatilization, denitrification and NH4* absorption suggesting no significant effect on N,O and NH;
emissions. There were however significant increases in bacterial and fungal populations particularly
in year two. They emphasised that a number of short-term effects in laboratory studies were not
observed in the field, for example, the increased turnover of field microbial mass was not apparent
in the laboratory *C labelled mineralisation studies [98]. This is perhaps not surprisingly, when
plants are absent and there are probable changes in soil physical structure and chemical attributes.
The likely loss of soil structure at the macro and micro-scale (rhizosphere) when sampling can often
influence soil function.

In general, but with exceptions [98], there are few longer-term studies that measure nutrient
concentrations, NH3 and N,O release and yield in soils and even fewer in temperate soils, and hardly
any have measured the effect of biochar on N, gas release. The complexity of nutrient cycling and
biochar in soils, including the addition of N from biochar, reduction in leaching, the change of NHs’,

N,O and N; soil release and the effects of biochar induced changes in microbe N cycling need to

considered in detailed in-situ studies.

BIOCHAR AS AN IMPROVER OF SOIL WATER AVAILABILITY

The evidence for Terra preta soils having increased water holding capacity

Increasing SOM content improves soil moisture retention and crop water availability which is a key
factor in determining agricultural productivity [99]. It is therefore not surprising that the original
Amazonian Terra preta soil patches containing high SOM have higher moisture contents relative to

non-Terra preta neighbouring soils [100-103] and quoted within from Hartt 1885. A number of non-
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peer reviewed studies, in Portuguese, describe many Terra preta soil patches where soil ‘moisture
retention’ is suggested as an important plant growth determinant (see [1,103,104]). A comparison
between a Terra preta patch and the local native Ferralsols showed a 15% increase topsoil horizon
‘field capacity’, from which they conclude growth on Terra preta was in part due to an improved
water supply [103], as may be the case elsewhere [105]. However, recent texts on Terra preta and
biochar generally provide little critical data to support the notion of Terra preta induces changes in
soil water content [100,106,107]. Speculation implies that it is through increases in SOM that
improvements in soil particulate aggregation which improves porosity and therefore crop water
availability, particularly in soils with coarse structures [100,108]. This speculative approach can have
limited supporting evidence, which is given credibility, e.g. see the mention in the abstract of [109]
despite only a single study [55] cited in the body of the review. The effects of changes in soil
structure on crop water availability can however only be fully determined from measurements of
soil ‘matric potential’ (soil matric potential Pn); as this measures the energy required to remove
water from within (absorption) and adhering (adsorption) to soil particles and therefore the ability
of the plant to capture it. It is therefore challenging from these predominantly descriptive reports to
conclude that Terra preta influences plant growth by improving the soil-plant water balance. If

biochar incorporation alters soil structure then changes in soil water holding capacity and crop water

availability can be influenced, but this can only be effectively determined from measurements of Y.

The evidence for biochar increasing soil water availability

Despite the lack of appropriate data to support the notion that increased plant growth on Terra
preta soil patches was due to improvements in plant-soil water relations, this does not mean that
the pyrolysed organic carbon incorporated into soil, as biochar, will not increase its water holding
capacity [58.110]. We are, however, equally interested in knowing whether the properties, which
may explain Amazonian Terra preta increases in plant productivity, translate into agricultural

benefits for soils and climates outside the tropics [8]. From its physical nature, charcoal, a type of
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biochar, is known to be porous with an ability for chemical adsorption and the retention of gases, in
proportion to its pore geometry and size [111-113], but less is known about its direct water holding
capacity [114]. Evidence of the measured impact of charcoal incorporation into temperate soils is
not extensive but, work with North American forest soils shows that charcoal soil promotes
‘available moisture’ (increased by 18%) and reduces evaporation [115]. These differences were only
detectable in sandy soils, and when incorporation rates were high (45% by volume, ~70 t ha?).
Incorporation rates, at this level, are unlikely to be achievable for many reasons, beyond the simple
availability of sufficient feedstock to produce the biochar. Chan et al. [30] suggest that biochar
improves soil water holding capacity with applications in excess of 50 t ha™. They however only
provide measurements made at field capacity, so despite a possible increase in plant water
availability we cannot be sure that soil-plant moisture conservation is enhanced and likely to
improve crop performance, particularly under water restricted conditions. A number of studies
similar in nature to that of Chan et al. [30] imply biochar improved soil water status. Conversely, few
studies show beneficial biochar responses in the absence of suggestions that crop and soil water
relations have improved; there are exceptions [116], with positive biochar effects but no change in
soil water status. One study suggests that water use efficiency is increased with biochar application,
but here the improvement was not due to less water being used just an increased vyield in the
absence of a direct link with water use or its availability [80]. Similarly, work reported with dry land
wheat strongly suggests that yield benefits result from improved crop water uptake; however
neither soil water, nor crop water uptake data are presented [72]. A study involving sugarcane
bagasse biochar (3% by weight) using lysimeter plots suggests available soil moisture increased due
to the presence of biochar [117]. Initial differences in the moisture content of treated soils, prior to
crop growth, between the experimental plots and the controls were large and varied from 20% to
60%. There appeared to be some form of a relationship between the rainfall and irrigation inputs

and the fluctuations in soil water, but this was only apparent in the one of the biochar treatments

and not in the other, or in the controls. Subsequent, measurements of available soil moisture, during
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crop growth, showed moisture differences which did not exceed 10%. In an attempt to determine
the impact of biochar (application rates of 100 to 200 t ha) on Quinoa physiology at different soil
‘water holding capacities’ (WHC) plants were grown at 60% and 20% WHC [37]. What we do not
know about these experiments is the extent to which the low WHC treatments induced a decline in
soil or plant water potentials. We also know nothing about the direct effects of these variables on
key physiological processes (e.g. leaf growth, transpiration) and how they will have adjusted to null

the treatment differences in crop water management when applied using a constant field capacity

regime determined by gravimetric analysis.

More recent work also suggests the notion that increased soil available water, due to biochar
incorporation, is restricted to sandy soils [48,80,118,119]. The use of cored soils of different
mineralogy, and the addition of biochar at 7 t ha™, showed incubation time, which including a series
of wetting and drying cycles, increased soil available water [120]. Equally important to this
conclusion was their attempt to quantify water availability by measuring soil moisture content at a
range of matric potentials. From this these authors were able to express notions about the
effectiveness with which plants can absorb water from soils amended with biochar. Some soils show
that their water holding capacity, against gravity, and therefore presumably available for crop
growth, was increased with 3% (w/w) biochar incorporation [62]. They attributed this increase to the
higher total porosity enabling more water to be retained in biochar treated soil. Using gravimetric
soil moisture content data also has limited usefulness in trying to quantify available water and the
assumptions would be large if we derive calculated soil water storage to determine biochar benefits.
Biochar research urgently needs greater attention given to study of its potential benefits to crop
growth, through changes in soil water availability. The work of Baronti et al. [121] is rare in that it
provides links between crop physiological behaviour and the appropriate soil and plant water

analyses and methodology to do this.
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There are a number of studies that rightly emphasise the less direct importance of soil water status
in contributing to agricultural performance. Biochar functional groupings change initially after soil
exposure to water (biochar oxidation) and this can be linked to an increase in CEC [79]. It is also
suggested that biochar addition can affect soil physical properties by absorbing excessive soil
moisture [122]. By so doing this increased soil porosity and aeration can influence N,O generation
and diffusion. Changes in aeration and oxygen content influence both nitrifiers and denitrifiers [87].
Denitrification being dominant above 70% water filled pore space [123]. Several studies link both the
positive and negative functional importance of soil microbial activity, particularly through soil C
losses, respiration rates, denitrification and the release of N,O [42,74,78,124-127]. Soil microbial
status and function will likely change in response to environmental variables like soil water content
which influences oxygen tensions and the capacity of the soil micro-organisms to oxidise SOM, as
well as those linked to nutrient availability, mineralisation and leaching [103,108,129-131]. Many of
these studies equally suffer from data which is limited to describing WHC. Given the conclusion that
the evidence for biochar enhancing in soil water availability is not well supported there may be
opportunities to develop appropriate biochar characteristics, providing they translate into physical
changes in for example, soil hydrology and field capacity, to produce smart biochars [132]. Pyrolysis
temperature and feedstock source appear good candidates to alter these characteristics, e.g.

hydrophobicity [114,125,133-136]. This avenue of evaluation is again limited by the consideration of

only field capacity measurements.

Implications of variability in biochar production and smart biochar

We started this article by asking the question; can we show that biochar is an improver of nutrient
and soil water availability? This has been a challenging question to answer and one of the reasons
for this is that biochar is an umberella term for many different types of pyrolysed organic material.
To provide some degree of clarity in this variability, it has been useful to separate biochar into those

derived from plant material and those made from animal products; i.e. plant derived biochar (PDB)
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and animal derived biochar (ADB). We need to remember however that there is not only variation
between feedstocks, but also variation within feedstocks. For example, there is feedstock variability
between woody species in regard to cell density and its chemical composition and there may also be
variation in nutrient concentration for ADB manure feedstock depending on the animal’s feed (see
Table 4 [26,43,46,53]). Also, the production methodology, the post-production procedures, the
quantity and method of incorporation into soil all have an impact on variability of biochar function
[19,20,25,28,34,72] (see Figure 1 [22,23,31,33,36,37,43,64,73-80]). Soil type and climate also
influences biochar function, and may have a particularly important role in how biochar changes
physically and chemically over time [62,82]. The diagrammatic flow chart in Figure 1 uses a simple
linear flow model without consideration of interactive effects between some of these factors, which
will undoubtedly make understanding biochar function more complex. This variability is however not
just a hindrance in our attempts to understand how it functions, it provide us with the potential to
develop biochars designed for a wide range of specific purposes (‘Smart biochars’). In a number of
respects the idea of smart biochars aligns with the notion that biochar usage and production are not
assigned to multiple benefits but functional trade-offs have to be considered. This approach is
described in detail by Jeffery et al. [26]. It is important that biochar is created for a purpose,
selecting the particular variables to produce a biochar with a chosen function [45,48]. For example, a
biochar produced from wood at 600°C will retain some nutrients which are available, such as K,
while having a high % C content, low % of labile C and a high surface area. It may also have the ability
to decrease leaching of nitrates, increase in CEC over time and provide a habitat for microorganisms,
without impacting greatly on immobilisation of nutrients. It may be used as a way of increasing the
efficiency of fertiliser soil applications or to adsorb ammonia from animal waste and enable NH;
recycling into cropping systems. This type of biochar has been found to be useful as a soil
amendment and in C sequestration due to its high recalcitrant nature. A manure based biochar on

the other hand may be produced primarily as a means of dealing with a waste issue e.g. reduction in

volume of waste and transport costs [43], and, having a high available N and P content as well as
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micronutrients, may be used as a ‘slow release fertiliser’. As the C content is lower and the labile
fraction is higher, in these biochars, they breakdown more easily and have a greater short-term
impact on microbial communities. These ADB therefore have limited long-term C sequestration
capacity. It is important to know what problem biochar application is trying to address, for example,

increasing soil fertility (increase soil pH, increasing nutrients, decreasing leaching) and/or promoting

C sequestration and then target the biochar to the function necessary.

Conclusions

Having the capacity to predict and produce biochars that induce beneficial changes in crop nutrition
and soil water availability will be particularly important in meeting the demand for increased food
production, whilst using resources more efficiently. Increasing nutrient use efficiency will have
economic and environmental benefits, while improvements in the soils water holding capacity will
help buffer soils against degradation and the impacts of climate change. This review has given details
of biochar research that show a varying but generally small and positive effect of biochar application
on soil nutrient concentrations and availability. Many, however, do not fully investigate the
underlying mechanisms, the effect of nitrogenous gas release (NHs, N20 and N3) and the influence of
the change in microbial diversity and activity on nutrient cycling. Some field trails show increased
yields but are much too short in length to give a full picture of how biochar will interact with the soil

and effect crop yields in the longer-term.

Attention has also been given to the importance of biochar in improving soil water holding capacity
and crop available water. In general many of these studies are limited in how they assess the effect
of biochar on the amount of water available to plants and therefore we have a limited knowledge of
whether there are actual benefits to biochar use in this regard. Importantly, biochar studies and the

biochar industry may have been held back by variation in its function in different soils and climates;
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this has much to do with the variation in feedstock, production method and means of application to
soil (Figure 1). It has therefore been useful to separate biochar into PDB and ADB. The understanding
of these factors should be improved so we can design biochars with predictable functions. The main
aim of the application of biochar to a soil needs to be clear beforehand with regards to the soil pH
changes required, the nutrient leaching issues, availability of water and drought problems and
whether we require nutrient release from the biochar or if we are adding nutrients to it. Biochar that
is created as a way of dealing with a waste issue or created to sequester C or that is a bioenergy by
product will have different considerations. In all cases, the characteristics of the biochar need to be

thoroughly designed to fulfil its predetermined function if it is to become an improver of soil

nutrient and water availability.
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