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Abstract

Increased biological nitrogen fixation (BNF) by leges has been reported following biochar
application to soils, but the mechanisms behind giienomenon remain poorly elucidated.
We investigated the effects of different biochaplagation rates on BNF in red clover
(Trifolium pratense L.) Red clover was grown in mono or mixed cultuveigh red fescue
grass Festuca rubra L.) and plantainFlantago lanceolata L.) at a range of different biochar
application rates (0, 10, 50 and 120 t'haln a separate experiment, nutrient effects of
biochar on BNF were investigated using nitrogemggpimorous and potassium (N, P, K) and
micronutrient fertilisation using the same plaré@ps.

Biochar addition increased BNF and biochar apptied rate of 10 t hiled to the highest
rate of BNF. Total biomass also showed the greatestase at this application rate. An
application rate of 120 t Hasignificantly decreased biomass production in ksitigle and
mixed cultures when compared to the control, with greatest reduction occurring in red
clover. Furthermore, BNF was significantly higherpots in which red clover was grown in
mixed cultures compared to monocultures. In theabs of biochar, K fertilization caused a
significant increase in BNF. For N, P, and micrommt fertilization, BNF did not
significantly differ between treatments with andheiut biochar addition.

We conclude that different biochar applicationgsdead to different effects in terms of BNF
and biomass production. However, due to the highetyaof biochar properties, different
application rates should be investigated on a sageific basis to determine the optimum

biochar application strategies.



1. Introduction

Biochar is charcoal which is made with the intentof applying it to soil. Biochar is
often claimed to have several potential benefitsluding carbon sequestration (Laird, 2008;
Zimmermannet al., 2012); bioenergy generation (Laird, 2008hinann, 2007); adsorbing
organic and inorganic pollutants (Had¢ al, 2011; Jiang, 2012) as well as improving soll
fertility (Jefferyet al, 2011; Spokast al., 2012).

Soll fertility effects have been explained in terof inherent nutrient addition with
biochar (Parvaget al, 2013) as well as by biochar-induced changesilrphgsical, chemical
or biological properties (Kookanet al., 2011; Oguntundet al, 2008; Thies and Rilling,
2009). However, the mechanisms behind the obsewieltl effects remain unclear.
Hypotheses for these effects include improved liegti use efficiency by reducing loss of
nutrients through leaching (Blackwaedt al, 2010; Lairdet al., 2010) or increased nutrient
availability due to increased microbial activityck as arbuscular mycorrhizal fungi (AMF)
(Warnocket al., 2007). Some studies also suggest that dioatidition to soil can enhance
soil fertility through increased biological nitragdixation (BNF) when legumes are present
(Nishio, 1996; Rondoset al., 2007). However, the mechanisms behindefiect also remain
unclear.

Biological nitrogen fixation is estimated to cabtrte approximately 17.2 x 1@onnes
of nitrogen to soils globally each year (Ishizuk&92). Leguminous crops have been
estimated to contribute approximately half of tihabgl symbiotic BNF at an estimated 21.5 x
10° tonnes (Herridgeet al., 2008). This demonstrates that BNF is anomamt ecosystem
service for global agriculture and as such undedstey the possible impacts of biochar
application on this service is vital.

Different mechanisms for the observed effect otchar on symbiotic BNF have been

proposed. These include:



* Immobilisation of inorganic N, which is known toimtlate BNF (Rondoret al.,
2007), (Bruun et al2011; Nelisseet al, 2012).

* Increased nodulation, which has been observed ittewdhover {rifolium repens)
(Rillig et al., 2010), soybeawlycine max) (Ogawa and Okimori, 2010; Tage¢al.,
2008) and alfalfaNledicago sativa) (George et al., 2012).

* Increased P bioavailability (Brewet al., 2012; Nelsoet al, 2011) which has been
correlated with increased BNF in several legumegbsan (Tagoeet al., 2008),
common beanRhaseolus vulgaris) (Rondonet al, 2007) and alfalfa (Nishio and
Okano, 1991).

* Interactions between biochar and signalling for ulation through adsorption of
flavonoids and Nod-factors (Thies and Rilling, 2R09

* Increased pH, as claimed for the case of soybegaw@ and Okimori (2010).

* Introduction of macro and micro nutrients (Brevetral, 2012; Major et aJ 2010;
Rondon et al. (2007), which may be beneficial tgulmes. Further, as biochar
application generally raises soil pH (Hadsal., 2012) micronutrient availability (e.g.

Fe and Mn) can also be affected.

There is still a dearth of data on the effectdbioichar application to soil on
BNF in temperate regions. Furthermore, differeriéct have been reported with different
application rates. For example, increasing bioelpglication rates has been found to increase
BNF (Ogawa and Okimori, 2010; Rondenhal, 2007; Tagoet al, 2008). However, reduced
nodulation has also been reported with elevatedicapion rates, even though nitrogenase
activity remained unchanged (Quilliamh al, 2013). The mechanisms behind these changes in
BNF remain largely hypothetical. Therefore, thesean urgent need to better understand the

mechanisms by which biochar application affectd=BiNorder to allow robust predictions to



be made. Natural abundanédl analysis (Unkovich et al., 1994) provides an etffe means
of quantifying BNF and as such is a useful toolifmestigating such mechanisms.

We formulated five hypotheses regarding the meshabehind the effects of biochar
on BNF in red cloverTrifolium pratense L.):

H1: Increasing application rates of biochar wilti@ase BNF

H2: N application will negate the effect of bioclwar BNF

H3, H4, H5: Fertilization with K (H3), P (H4), oriomonutrient fertilizer (H5) will
increase BNF to the same level as with biochar.

Two separate microcosm experiments were conduotesst these hypotheses

by examining how biochar and fertilization affecteldnt growth of leguminous and non-

leguminous plants.

2. Materialsand Methods

2.1 Soil and biochar

The biochar was produced from aboveground plarmhbss collected from a species-
rich grassland in the nature reserve area De Mas$dhnken Wambuis, Ede, the Netherlands
(+52° 3' 34.03", +5° 45' 2.81") via pyrolysis at04C. Soil was collected from the same
location, air dried, homogenised by sieving throagh8 mm sieve and mixed thoroughly.
Selected soil and biochar properties are present€dble 1 and Table 2.

The homogenised soil was split between two experimaescribed below. Pots filled
with soil were incubated for 14 days under a pdlyktne sheet to germinate weeds and to
allow equilibration of the biochar-soil mixture.|Aeedlings that emerged from the seed bank
were removed.

2.2 Experimental set-up
Two experiments were conducted to test the fiveothygses stated in the introduction

(H1-H5). Experiment | investigated the effects méreasing biochar application rate on BNF



to test H1. Experiment Il investigated the effedtindividual fertilizer (N, P, K and
micronutrients) in presence and absence of bioohaBNF to test H2-5. Both experiments
were set up in a randomized complete block desigmfwe replicates for each treatment.
2.2.1 Experiment |

The experiment was carried out from™®Blay to 18" July, 2012 in a greenhouse at
Unifarm of Wageningen University, Wageningen, theti¢rlands. The experiment included
two factors, biochar application rate and plantcgsecomposition.

Five biochar application rates were used: 0 (cépntdg 10, 50 and 120 t Héaw/w
equivalents) of biochar. The biochar was incorptanto the top 10 cm. The rates were
calculated as a soil: biochar ratio using an assubugk density of 1.3 g crhand assuming
that the biochar would have been mixed homogendbstyigh the top 10 cm of the soil. This
allowed the calculation of a soil: biochar ratioh\fly comparable to biochar applied in the
field. A soil:biochar mixture of the appropriateticafor each application rate was then used
for filling pots for each application rate. In orde maintain the same final potting volume for
all treatments, the volume of soil was adjustedeeded in order to keep the total volume of
the soil: biochar mixture and hence the potentaling depth of the plants the same for all
treatments. An amount of 1.75 kg soil-biochar migtfor 0, 1, 10 t h4 1.60 kg for 50 t h&
and 1.50 kg for 120 t hawas loaded into pots of 15 cm diameter x 13 crglitei

Red clover T. pratense) and red fescue gras$-.(rubra), both being common
grassland species in Northern Europe, were plantsthgle and mixed stands. The seeding
densities were equivalent to 952 and 476 kg foax grass and clover in single stands, and
equivalent to 476 and 238 kg héor grass and clover in two species mixed staRdsvious
experiments have shown that these seedling dengitaluce fairly even biomass of the two

species when grown in mixed stands. Plants wereektad once after 45 days.



The pots were maintained at 60% water filled pgacs throughout the experimental
period, and gravimetrically kept at constant maestlevel on a daily basis. A germination
layer of 200 g soil (no biochar) was added to timase of each pot to reduce the potentially
negative effect of biochar on germination of sggtsgovskeet al, 2012).

2.2.2 Experiment |1

Experiment Il utilised the mesocosms described ian®et al. (also published in this
special issue) This experiment included nine seiatments in mixed stands of red fescue
grass Festuca rubra L.), red clover Trifolium pratense L.), and plantain Flantago
lanceolata L.). The soil treatments were biochar, N, P, Kenoinutrients fertilization, biochar
in combination with N, P, micronutrients and coh{imo amendment) (Table 1). The rate of
fertilizer applications were N- 50 kg fhaP- 30 kg h&; K- 50 kg ha' equivalents and for
micronutrients the rate was (B- 0.76 kg'hn- 0.78 kg h&; Cu- 0.03 kg h&; Zn- 0.78 kg
hal; Mo- 0.016 kg hd). The rate of biochar was 10 t“hassuming the top 10 cm as soil
depth and a bulk density of 1.3 gém

We used Mitscherlich pots (diameter: 19 cm, hei@:cm; filled with 7.0 kg dry
soil). Each pot had three layers: a bottom layeh wi5 kg of soil, a middle layer with 1.5 kg
of soil and a top layer (germination layer) witl® kg of soil. Biochar was mixed thoroughly
in both top and middle layer, resulting in a 10 biachar/soil layer, while fertilizers were
mixed only with the middle layer consisting of k& soil which was then covered with a top
layer consisting of 1.0 kg of soil to function agexmination layer.

Two plant species were then sown; red fescue @Feestuca rubra L.) and red clover
(Trifolium pratense L.). The seeding densities were equivalent to 86& 476 kg ha for
grass and clover in single stands and 476 and B3Bak for grass and clover in the two

species mixed stands, the same as for Exp. |. Wats maintained at 60% water filled pore



space throughout the experimental period, by wadedaily and reweighing. Every week,
pots were re-randomized within blocks.

The effects of biochar application and nutrientgptant biomass are reported in more
detail in Oram et al. (in this special issue). Heeereport the effect of individual nutrients (N,
50 kg hat; P, 30 kg h&; K, 50 kg ha equivalents) and micronutrients (B, 0.34 mg-kiin,
0.35 mg kg; Cu, 0.014 mg k¢; Zn, 0.35 mg kg; Mo, 7.5 ug kg) on BNF in the presence
and absence of biochar using nine soil treatmemtsiixed stands of clover, grass and
plantain. The soil treatments were biochar, N, PpnHcronutrients fertilization, biochar in
combination with N, P, micronutrients and contrbaifle 1). Total aboveground biomass was
harvested twice; after 28 days and after 56 dayg@ith. Data of the summed biomass are
used.
2.3 Biomass measurements and nodul e count

For both experiments, at harvest, aboveground Bemaas sorted by hand to plant
species. Roots of each pot were cleaned with rgmnwiatter and manually sorted according to
species. Biomass was dried at 70°C for 72 hours raod and shoot dry weight was
determined for each species. For the roots of Exyert |, the total number of nodules per g
fresh weight of clover roots was determined for-samples of fresh root material. The
number of nodulestdry root mass was subsequently calculated.

2.3 Plant analysis

Dry plant material from both harvests was sortedspecies, ground, and combined at
a ratio based on percentage of total biomass hadeBlant material was digested using a
sulphuric acid (HSQs), hydrogen peroxide @#D2) and Selenium (Se) digestion
(Temminghoff and Houba, 2004). N and P concentnatio the aboveground plant biomass

were quantified by segmented flow analysis (SFAhwi Skalar 6 channel SFA analyser.

2.4 Soil analysis



Before sowing (Experiment Il) and at final harv@&tperiments | and Il), five random
soil samples from each pot were collected usinguager (1.0 cm diameter). The soil samples
were combined to obtain a representative sampdaci pot. The combined soil samples were
dried at 40°C for 72 hours and sieved to pass 5 before analysis. Soil pH (Cafflwas
determined with a ratio of 1:10 (m/v) (ISO10390030 Soil electrical conductivity (EC) was

measured with demineralized water 1:5(m/v) (Houte.2000).

2.5 Sable isotopes

Use of natural abundancéN analysis allows the identification of the source
nitrogen present in legumes, and the proportion ithderived from the atmosphere (i.e.
through BNF) resp. from the soil N pool (Unkovidhaé, 1994).

For 1N and 3C analysis §3C analysis was undertaken as an indicator of $galini
stress (Farquhaat al, 1989) which can occur due to salts in the aslthvhare added with the
biochar), whole samples of dried aboveground biendseach species from each pot were
ground with a Cyclon Sample Mill. Subsamples (isecaf Exp. Il, samples from both the
first and final harvest combined proportionatelge Oram et al., in this special issue, for
further details) of the aboveground biomass werbsaguently ball-milled. The milled
samples were then dried at 105°C for 24 hours. #sample of 3-4 mg was placed in a tin
cup (8 mm x 5 mm) and the exact weight was recordiad Stable Isotope Facility of UC-
Davis, Davis, California, USA determined tH&™N and'?'<C ratios using a continuous flow
isotope ratio mass spectrometer (CF-IRMS, EuropanBfic, Crewe, UK).

The §°N was calculated using the equation of Peopled.gt1889). This allowed
calculation of the % of N derived from the atmogeh@oNdfa; i.e. the portion of N obtained
through BNF). Grass was used as reference platiteérexperiment with grass and clover

(Exp.-1), while the averagé™N value of grass and plantain was used in expetiméth
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grass, clover and plantain mixed stands (ExpThp lowes®°N value (-1.958 for Exp. | and
-2.778 for Exp. Il) in clover was approximated te the B value in each of the experiments
(Eriksen and Hggh-jensen, 1998; Huss-Danell andaCBA05). The amount of N fixed pbt
was calculated using the equation of Handaetal. (1987).
2.6 Satistical analysis

All statistical analyses were performed using SP&8sion 19: Scientific Graphing
Software, SPSS Inc. Chicago, IL). Both soil treatmand plant species combination were
included as fixed factors (two-way ANOVA) for Exppeent | while soil treatment was used
as factor for Experiment Il (one-way ANOVA). Blodkj was included as a random factor
during analysis. Normality of data was checked wait-Q plot of residuals while Levene’s
test was used to check equal variance. Data of &Nadimber of nodules’@iry root, and EC
in Exp. | were log-transformed to achieve a nordatribution of residuals. Individual

comparisons were based on a Tukey H®BB-hoc test (0.05).
3. Resaults

3.1 Experiment I: Biomass production at increasing biochar application rates

Both aboveground and total biomass production wigyaficantly affected by biochar
application rate, plant species combination and theeraction (all P<0.01). In all instances
the largest increase in biomass in terms of botvedpround (Fig. 1a) and total biomass (Fig.
1b) occurred at 10 t Haof biochar. At this rate, biomass was significaritigher than the
control (P<0.01 for aboveground biomass, P=0.02dt@ biomass production). Furthermore,
the interaction between plant species and biocpplication rate was significant (P<0.01)
indicating a differential response of plant speceslifferent biochar application rates. This
can be seen in Fig. 1 where clover shows a stroreggonse to biochar application than
Festuca. At 50 t hat, none of the biomass results were significantffedént from the control

(P>0.05). At 120 t h4 the biomass of clover, grass, and grass cloverixeanstands were
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significantly reduced compared to the control (R4. There were no significant differences
in the relative yield total (RYT) or the ratio ofower to grass in the mixed stands under
different biochar application rates (P=0.42 for RYEOQ0.12 for clover to grass ratio; data not
shown).

As with biomass, both %Ndfa and total amount Nedidper pot increased significantly
with applications of 10 t ha(Fig. 2a and 2b; P=0.03 and P<0.01 respectiv&ly. amount of
N fixed per pot was lowest at the application rate120 t hal. The %Ndfa did not change
significantly above 10 t hbup to the rate of 120 t H{P>0.05), the maximum rate used in
this study. At 10 t b4 the amount of N fixed per pot (average of bothgls and mixed
stand) increased significantly by 117% (P<0.01)ilevwoNdfa increased significantly by16%
(Fig. 2a and 2b) when compared to controls (P<0.Uhe %Ndfa increased significantly
when red clover was grown in mixed stands comp#odtie single stands (Fig 2a; P<0.01).
However, the total amount of N fixed per pot wasueed in the mixed stands at all
application rates when compared to red clover growgingle stands (Fig. 2b; P<0.01).

Nodule production per g dry weight of clover roatas significantly affected by both
rate of biochar application, and plant species aoatlon (Fig. 3; P<0.01 in all cases). The
density of nodules in single stands increased 9 &P 10 t ha and 80% at 50 t hla The
density of nodules in the single stands (164Tapt dry weight) was almost twice as high as
in the mixed stand (834'goot dry weight) (P<0.01).

Both plant N concentrations also increased sigaifily when biochar was applied at a
rate of 120 t h& (P<0.01; Fig. 4a). However, no significant effecas seen on plant P
concentrations (P=0.08; Fig. 4b).

Soil electrical conductivity (EC) increased by 1l4nds at the highest biochar
application of 120 th& (P<0.01; data not shown). In the grass treatmtwre was a

significant increase i63C (%) with increasing application (P<0.01), whitedase of clover
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the §1°C (%0) was not significantly affected (P=0.44), withlues ranging from -31.49 to -
31.45%0. Despite using a top layer of untreated saggnificantly fewer plants germinated in
the 120 t ha pots than at the lower application rates (P<0d@%a not shown).

At the highest application rate of 120 t*have observed red colour development at

the edges of the lower leaves in clover.

3.2 Experiment II.

Both the amount of N fixed per pot and the %Ndfaenggnificantly affected by the
different fertilizer treatments in both the preseramd absence of biochar (Fig. 5a and 5b;
P<0.01 for %Ndfa and P=0.03 for N fixed PptBiochar addition at a rate of 10 thdid not
lead to an increase in the amount of N fixed peérgp@oNdfa when compared to the control,
phosphorus or micronutrient fertilization treatnge(®>0.05).

K fertilization showed the strongest effect on #mount of N fixed per pot with an
average, statistically significant, increase of 78#npared to the control (P<0.01). However,
biochar in combination with N fertilizer reduced #fid by 22% when compared to the
control. Neither %Ndfa nor the amount of N fixed pet were significantly different when
the N, P, and micronutrient fertilization treatmentere compared to respective biochar

treatment combined with N, P, or micronutrientifezdtion treatments (Fig. 5a and 5b).

4. Discussion
4.1 The effects of biochar application rate

Compared to the control, %Ndfa increased signitigamp to the biochar application
rate of 10 t hdand remained at the same level with increasingieaifmn rates up to 120 t ha
1 the maximum application rate used in this experitmTherefore H1 (Increasing application

rates of biochar will increase BNF) should be ateggut only up to a biochar application
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rate of 10 t hd. Above the rate of 10 t Hano significant effects were seen on BNF compared
to the control. This implies that the positive effebserved at 10 t Havas negated by an as
yet unidentified negative effect at rates above h@'. The lack of an increase in %Ndfa at a
biochar application rate of 10 t h@bserved in Exp. Il is likely an artefact of theieased
rooting depth available for the plants owing to theger pot size used which lead to an
approximate 3 fold increase in the soil volume.&Asonsequence in Exp 2, a higher total
amount of N was available in each pot and so N less limiting. When N is not limiting
BNF is often down regulated as it is a more enanggnsive way of obtaining N than taking it
up directly from the soil (Ingestad, 1980).

Increased BNF in the presence of biochar has begorted before by a number of
studies (Nishio, 1996; Quilliam et al., 2013; Rondx al., 2007). In one study in which the
common bean was grown, an increase in BNF was wiseauntil 60 g biochar kY soil
(approximate equivalent to 78 t-haassuming bulk density 1.3 g @n(Rondon et al. 2007),
while Tagoeet al. (2008) found an increased BNF in soybeameate100 t hd. This
variation in results between studies may be theltre$ differences in biochar properties and
soil nutrient status, or can be due to differenteéponses of plant species to biochar
application. In contrast, in our study, the amooihN fixed per pot decreased at application
rates above 10 t Haand was not significantly different from the cantat 50 t ha and 120 t
ha'. The amount of N fixed per pot (average of siragld mixed stands) decreased by 52% at
the highest application rate compared to the mawirhlfixed per pot (achieved at a biochar
application rate of 10 t M This reduction was likely due to decreased biavatshigher
application rates meaning less N fixed per plarthaglants were smaller.

Biochar application at increasing application rdessto an apparent optimum in both
aboveground and total biomass production at 10*tamal subsequently declined at 120t ha

in clover, grass, and clover-grass mixed standspaped to controls. Van de Voorde et al.
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(2013) also found increased clover biomass in &sphth biochar applied at 10 t fan a
field experiment. Other studies have also reponedeased biomass production at higher
application rates. These include: the common bBaastolus vulgaris L.) at an application
rate of 60 g kg soil (approximate equivalent to 78 thawhite clover at an application rate
of 50 t hat (Quilliam et al., 2013) and lettuckgctuca sativa) at a biochar application rate of
up to 10% w/w (approximately equivalent to 130tssuming bulk density 1.3 g chand
soil layer 10 cm) (Deenik et al., 2010). Howeveisiimportant to note that in these studies
different types of biochar were used which can hase different physical and chemical

properties (Jeffery et al. 2013).

4.2 Mechanisms

The decrease in biomass production that we obsentvadplication rates of 120 t'ha
can be attributed to reduced germination of plastsvell as to a reduced growth of plants
that did germinate. Other studies, such as Rewueldle (2012a) also reported reduced
germination rates at the high application ratesbafchar of 5% w/w (equivalent to
approximately 75 t h9.

Another factor which may be responsible for theursdl biomass and associated
reduction in N-fixation per pot is salinity stresscreases in soil salinity have been reported
following biochar application to soil (Clay and Mal2012; Revellet al, 2012b). Further,
salinity has been shown to negatively affect BNig(Eiredoet al., 1999; Serraj et.all998).

In our experiment, soil EC increased significaryy14 times at application rates of 120t ha
! compared to the control.. However, the EC valuidsidt exceed 0.6 dShwhich is below
the threshold EC of 1.5 dShmat which negative effects have been reported ddr alover
(Maas, 1993). Therefore, salinity is unlikely tovbhaaffected growth or BNF in our

experiment. In addition, th&'3C (%.), an indicator of salinity stress (Farqulearal., 1989;
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van Groenigen and van Kessel, 2002), was not signifly higher at the high application
rates, providing further evidence that salinityest is unlikely to have been responsible for
the observed result.

Biochar addition lead to increase in soil pH fror &b 7.08 at the highest application
rate of 120 t hd (data not shown). While this pH change is likalyhtave been sufficient to
affect nutrient availability in the soil, a pH of0OB is not usually detrimental to plant growth
and so does not explain the negative effects ant gl@wth observed at the higher application
rates.

Blackwell et al. (2010) reported that biochar apgion lead to reduced biomass
production in wheat as a result of N and P immsétlon.. Similarly, reduced biomass
production due to N immobilisation has been rembfte sugar beet following applications of
biochar at a rate of 10 t hgGajic and Koch, 2012). In clover, we found a significantrease
(9%) in shoot N concentration compared to the @brftllowing application of 120 t hg
while P levels remained unchanged suggesting thatabilisation of N and P were not
responsible for the reduced biomass in our expertime

Rondon et al. (2007) claimed toxicity of biocharoa® of the possible mechanisms for
reduced biomass production in soils with biochareadment. A phytotoxic effect of
compounds released from biochar was also demoadtat Gell et al. (201Who observed
immediate phytotoxicity in lettuce, radistRaphanus sativus L.), and wheat Triticum
aestivum L.) after the application of biochar produced asest product of biodiesel and
bioethanol production. Biochar contains compoundghs as aliphatic and aromatic
hydrocarbons including phenols which can be toxicsafficient concentrations. The
concentration of these chemicals may have beeitismily high to cause phytotoxicity at the
higher application rates used in our experimentweéier, further work is needed to

investigate this hypothesis.
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We observed red colour development at the edgdsedbwer leaves in clover at the
application rate of 120 t Hawhich suggests some nutritional toxicity or defieiy occurred.
In Exp. Il the K concentration in the soil was sfgrantly higher (192 mg kg soil) at the
biochar application of 10 t Hacompared to the control (29.10 mg'kspil) (See Oram et al.,
2013 for further details). Assuming linearity, tkeconcentration in Exp. 1 would have been
more than 2.0 g kysoil at the highest application rate. ThereforetoKicity seems to be a
potential mechanism which may have caused the groeduction at the higher biochar
applications in Exp. 1. However, evidence for Kittty affecting plants is very limited and
such a hypothesis requires further experimentsdbit.

Fertilization with N did not significantly affect Bigdfa or the amount of N fixed per
pot compared to addition of biochar alone. Howewrcombined with biochar led to a
significant decrease in %Ndfa and N fixed per mohpared to the addition of biochar alone.
This leads us to accept H2 that N application wdlgate the effect of biochar on BNF.
Biochar in combination with N fertilizer decreastdNdfa by 22% compared to the control
treatment. Total soil N concentration did not chamgth biochar in combination with N
fertilization compared to N fertilization aloneladugh it was significantly different compared
to the control. This suggests that N was availablthe biochar to a degree such that when
combined with N fertilizer there was sufficient N the system leading to reduced BNF.
Furthermore, we found a significant increase inoshd concentration following biochar
amendment of 120 t Han Exp. 1 suggesting that N availability increasedhis treatment.
These results contrast with those of Rondon &8D7) who reported that the supply of N
from the soil decreased following biochar amendmamtd these authors suggested that
biochar application led to N immobilization. Thigalease resulted in a lower foliar N
concentration (in common bean), which was not cetepl compensated for by increased

BNF in their study. These differences demonstrat biochar effects can differ greatly
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between studies and depend on the type of bioatrcharacteristics of the soil and plant
species used.

We found in Exp. 2 that the highest amount of fiXddper pot occurred in the
treatments receiving K fertilization . Biochar dilnh has been found to increase soil K status
in other experiments (e.g. Parvaggeal, 2013; Spokast al, 2012). Furthermore, Sangakkara
et al. (1996) demonstrated that K availability cacrease BNF. We also found that biochar
increased K concentrations in the soil (See Oraal.e2013 in this special issue for further
details). However, a significant increase in bdth amount of N fixed per pot and in %Ndfa
compared to the control were only observed in theddtment and not in the other biochar
treatments even though biochar application alsmdiiced large amounts of K to the soil
(Oram et al., 2013). This suggests that followindektilization, in the absence of biochar,
clover gained a competitive advantage overRbguca andPlantago. This is demonstrated
by the increase in the amount of N fixed per pbiclv occurred due to the increase in clover
biomass while the %ndfa did not significantly irecse compared to the control. In contrast,
in pots where biochar was adddéestuca andPlantago gained a competitive advantage over
clover and this counteracted the advantage thaecigained from the increase in available K.
This increase in competition led to a reductiontatal N fixed per pot and in %Ndfa in all of
the biochar treatments, so that N fixation and %Ngére not significantly different from the
control any more. This suggests that increaseddflahility through biochar addition to soil,
was the main factor affecting BNF and so we acetpthat fertilization with K will increase
BNF. However, the data further suggest that biockddition to the soil increased the
competitiveness of botRestuca andPlantago, or decreased the competitiveness of the clover
compared to the addition of K alone. Potential naectms for these differential effects of K
availability on competitiveness of plant species discussed in more detail in Oram et al.

(2013).
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Increased P availability has been suggested toebponsible for increased BNF
following biochar addition in some situations (Roncet al, 2007; Tagoest al, 2008). We
found no significant effect of P fertilization orNE. BNF did not increase significantly with a
combination of biochar and P, although there wagaificantly higher amount of P in soils
with biochar with P fertilization compared to P tiezation alone. Furthermore, shoot P-
concentrations of plants in our study were notificantly affected by biochar addition in our
study. This suggests that the effects of biochaBdiF cannot be explained in terms of
increased P availability in our study. Therefore mggect H4 that fertilization with P will
increase BNF.

Micronutrient application, either alone or in comdtion with biochar did not result in
an increase in BNF compared to the control. Tloeegfit is unlikely that increased
micronutrient availability was the mechanism drgyincreased BNF in our study and as such
we reject H5 that micronutrient fertilizer will irease BNF. This contradicts the potential
mechanism reported by Rondon et al. (2007) wheaedt#tat micronutrient availability (in
particular B, and Mo) was the most likely factoadeng to increased BNF following biochar
addition.

It has been reported that biochar can enhance BNEtimulating signalling for
nodulation with adsorption of flavonoids and Nodtéas (Thies and Rilling, 2009; Turner,
1955), although evidence for reduced nodulation &lae been reported (Quilliam et al.,
2013). In our experiment, root nodulation increasdtth biochar application rates of 10 tha
in single stands and remained stable until 507t before declining at 120 t Ha Similar
results have also been reported by a number obeufdgawa and Okimori, 2010; Tagoe et
al., 2008; Turner, 1955). Quilliam et al. (2013paeed a negative effect of biochar on
nodulation in white clover with biochar additiori. this is the main mechanism by which

biochar stimulates BNF, higher application ratesusth lead to increased nodulation, but this
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was not observed in our study. This suggests ttisdration of flavonoids and Nod factors,
and the stimulating role of this on nodulation, andikely to be main mechanisms by which

biochar affects BNF.

5. Conclusions

Biochar application increased biomass of clovea edte of 10 t Haand reduced it at
120 t hat. Biochar application at a rate of 10 t*har higher lead to statistically significant
increases in BNF when compared to the control. eans that our study provides support
for Hypothesis 1, that increasing application rateliochar will increase BNF, although with
the caveat that above 10 t'HANF did not further increase with increasing ratésdulation
and BNF also increased significantly at an apgbeatrate of 10 t hdand reduced at an
application rate of 120 t Ha The observed increases appeared to occur dumdeased
availability of K. Therefore, the results of oungdy lead us to accept the hypothesis that BNF
increases with K fertilization and reject our hypeges regarding an increase in BNF with
biochar combined with P and micronutrients and &relse in combination with N
fertilization. Our results imply that the effects lmochar application on BNF may be short
lived as K is very mobile in soil. Longer term exipgents are needed to investigate the longer
term effects of increased K availability on BNFléoVing biochar application as well as its

interaction with competition effects.
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Table 1. Selected soil characteristics of the Isafiaised for both Experiment | and II.

Soil Characteristics

pH 5.24
N-NH; (mg N kg 1) 25
N-NO3z+NO2 (mg N kg1) 20.0
N-DON? (mg N kg?) 4.0
P-PO4 (mg P kg?) 3.28
K* (mg K kg?) 29.1
EC (dS m?) 0.08

Table 2. The different factors, biochar applicatiates and fertilizer treatments used in the
two experiments.

Factors Exp. | Exp. Il
A. Soil Treatment 1. 0 (Control) 1 Biochar (10 t hal)
2.1t ha? biochar 2. N fertilizer (50 kg ha't)
3. 10t ha! biochar 3 P Fertilizer (30 kg hat)
4. 50 t ha? biochar 4 K fertilizer (50 kg hat)
5. 120t ha! biochar 5 Micronutrient fertilizer (B — 794 g, Cu —
3249;M017.0g; Mn—-803g; Zn 79.7 g
ha?)
B. Plant species 1 Red clover (Trifolium pratense) 1. Red clover (Trifolium pratense), Grass
composition 2. Grass (Festuca rubra) (Festuca rubra) and plantain (Plantago
lanceolata) mixed stands
3. Clover and grass mixed stands



Table 3. Selected characteristics of the biochadyeed at 400°C through slow pyrolysis
from combined various grassland species

Biochar characteristics

Volatile matter content 32.1% (S.E.= 1.89)

Ash 25.22% (S.E.= 5.01)
N 1.91% (S.E.= 0.09)
C 59.02% (S.E.= 1.35)
H 3.81 (S.E.=0.06)
S 0.00% (S.E.= 0.0)

H/C 0.77 (S.E.= 0.03)

Mineral N 0.8 mg kg (S.E. 0.03)

K 1620.8 mg kg (S.E.= 24.4)

P-PO,4 1.9 mg kg (S.E.= 0.02)



Table 4. Results of biochar application to sodliffierent application rates on clover grown in Ekp.

Aboveground biomass Total biomass Number of Nodules % Ndfa N fixed per pot
Biochar Application Rate | Clover Grass Clover + Grass| Clover Grass Clover + Grass| Clover Clover+ Grass| Clover Clover+ Grass Clover Clover+ Grass
0 4.11 (+0.56) 3.97 (¥0.04)  3.98 (+0.18) [5.11 (+0.69) 8.2 (+0.21) 7.18(x0.27) |1336 (£278) 852 (+84) |35.85(£3.62) 67 (+2.83) 31.49 (+7.37) 1317(x2.87)
1 5.7 (0.25) 4.178 (+0.17) 4.654 (+0.21) (7.01(+0.29) 8.76 (£0.39)  7.19(x0.16) |1644 (+314) 971 (+164) |41.21 (+2.64) 66.25(+1.28) | 5521 (+9.82) 14.45(x2.32)
10 6.27 (+0.31) 4.45(x0.12) 5.10(x0.25) |7.45(x0.32) 10.73(+0.79) 7.63(x0.16) (2223 (+4240 1488 (214) |47.88 (+1.34) 75.73 (+1.47) |71.91(+13.69) 25.15(*3.59)
50 4.06 (£0.26) 3.70 (+0.15) ~ 3.81(+0.11) |4.79(x0.32) 6.31(x0.41) 5.83(x0.320 2403 (x736) 588 (+132) |45.89 (+3.01) 74.95(£6.18) |49.82(+11.31) 12:27 (+2.87)
120 0.76 (x0.20) 2.68 (+0.15)  1.80 (+0.25) |0.90 (0.24) 4.21(+0.37)  2.89 (x0.51) 604 (+231) 276 (£88)  |49.51 (+2.59) 70.36 (+9.51) | 13.87(+3.98) 7-74(x2.84)




Figure 1. Mean £SE aboveground (a) and total (bnlaiss production of clover, grass and
mixed stands of both species in soil amended wifardnt biochar application rates (tHa
n=5; (Exp. I)

Figure 2. MeantSE percentage N derived from thegpiere (%Ndfa) (a) and amount of N
fixed pot!(b) in clover in monoculture and in a mixed cultofeclover and grass in soil

amended under different biochar application ratési{), n=5; (Exp. 1)

Figure 3. MeanSE nodule productioni(got dry weight) in clover in single stands of cov

and mixed stands of clover and grass under diffdsichar application rates, n=5; (Exp. I)

Figure 4. Mean£SE nitrogen (a) and phosphoroushbdt content from clover grown in
soil/biochar mixtures at 0, 10 and 120 t‘Hmochar application rate equivalents, n=5. Bars

indicating the same letter were not significanilyedent (P>0.05) (Exp. I)

Figure 5. MeantSE percentage N derived from thegpiere (%Ndfa) (a) and amount of N
fixed potl(b) by clover in 3 species mixtures under differemtilization treatments: Biochar
(B), Control (C), K fertilization (K), N fertilizabn (N), N fertilization with biochar (N+B), P
fertilization (P), P fertilization with biochar (B}, Micronutrient (Mic),Micronutrients with
biochar treatment (Mic+ B), n=5. Bars indicating same letter were not significantly
different (p>0.05) (Exp. Il)
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