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Abstract Studies document increases in biological nitrogen
fixation (BNF) following applications of biochar. However,
the underlying mechanisms for this response remain elusive.
Greenhouse experiments were conducted to test the effects of
biochar mineral nutrients, pH, and volatile matter (VM) on
BNF in common beans (Phaseolus vulgaris L.). Biochars
were produced from seven feedstocks pyrolyzed at either
350 or 550 °C. Biochars were treated with acid to reduce
mineral nutrient contents, with acetone to remove acetone-
soluble VM, with steam to reduce both the mineral and VM
contents, or left untreated. The biochar additions at a rate of
15 t ha−1 resulted in an average 262 % increase in shoot bio-
mass, 164 % increase in root biomass, 3575 % increase in
nodule biomass, and a 2126 % increase in N derived from
atmosphere (Ndfa) over the control. Simple mineral nutrients
and soil acidity amelioration from the biochar were only to a
minimal extent responsible for these increases (r2=0.03; P=
0.0298, n=201). Plant growth and Ndfa were significantly
correlated with plant P uptake (r2=0.22; P<0.0001, n=201).
However, plant P uptake was not correlated with biochar P
additions (P>0.05). Improved P nutrition resulted from 360%
greater mycorrhizal colonization with biochar additions. Re-
moval of acetone-soluble VM increased plant growth and

Ndfa, and VM extracted from the biochar produced at
350 °C reduced the growth of rhizobia in yeast extract man-
nitol agar (YMA) medium. In contrast, acetone-soluble VM
extracted from seven biochars produced at 550 °C increased
the growth of rhizobium in the YMA compared to an acetone-
residue control, suggesting differential effects of VM forms on
rhizobia.
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Introduction

Biological nitrogen fixation (BNF) is a critically important
biological process that has a profound influence on nitrogen
(N) cycling, soil fertility, and agricultural productivity. Mutu-
alisms that result in BNF rely on an intricate interaction be-
tween the host legume and associated bacteria species collec-
tively termed rhizobia. These mutualistic relationships are
sensitive to a multitude of soil constraints, including soil nu-
trient limitations (Graham and Vance 2003), soil acidity (Gra-
ham 1992; Hungria and Vargas 2000), soil water status
(Bordeleau and Prevost 1994; Giller and Cadisch 1995; Sprent
1972), and biotic factors (Peoples et al. 2009). In sub-Saharan
Africa, tropical environmental conditions, old and highly
weathered soils, and relatively little synthetic fertilizer use
have led to systemic underperformance of legumes in small-
holder farming systems (Jansa et al. 2011). In these systems,
BNF is a primary strategy used to improve soil fertility while
legumes provide a major portion of protein in the human
(Broughton et al. 2003) as well as livestock feed. Biological
N fixation in the legume/rhizobium symbiosis can be in-
creased by applying lime to alleviate soil acidity (Ledgard
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and Steele 1992), by applying fertilizers to reduce key nutrient
deficiencies, e.g., phosphorus (P) (Jansa et al. 2011), and by
enhancing the potential of the rhizobia-legume symbiosis
(Kahindi et al. 1997; Thies and Rillig 2009). One possible
method to alter soil properties to increase BNF may be apply-
ing biochar to the soil (Rondon et al. 2007).

Biochar is a co-product of the thermal decomposition
of organic material in a low-oxygen environment (pyrol-
ysis). Biochar contains condensed structural carbon (C),
ash, and residual volatile matter (VM) in varying quan-
tities based largely on feedstock used, and time and
temperature of pyrolysis (Keiluweit et al. 2010). An
increasing number of agronomic studies on biochar is
being published, though very few of these studies have
targeted BNF in legumes following applications of bio-
char (Rondon et al. 2007; Tagoe et al. 2008) and none
has demonstrated the mechanisms by which biochar in-
fluenced BNF. Potential mechanisms include: (i) nutri-
ents added from the ash within biochar may alleviate
plant and microbial nutritional deficiencies or cause tox-
icity (Rondon et al. 2007), (ii) changes in nutrient cy-
cles (especially soil N) may increase or decrease the
incentive to fix atmospheric N (Rondon et al. 2007),
(iii) liming effects from biochar (often a higher pH in
many biochars than in soil) may modify soil pH posi-
tively or negatively for BNF (Warnock et al. 2007; Leh-
mann et al. 2011), (iv) the adsorptive capacity of bio-
char may alter the biochemical signaling processes nec-
essary to establish the symbiosis (Lehmann et al. 2011),
and (v) certain compounds in the VM on biochar might
stimulate or reduce soil microbial activity (Graber et al.
2010; Thies and Rillig 2009).

Physical and chemical properties of biochar produced from
a variety of feedstocks and production conditions have been
found to vary widely (Enders et al. 2012; Keiluweit et al.
2010; Rajkovich et al. 2012; Schimmelpfennig and Glaser
2012). Several studies have demonstrated a mineral fertiliza-
tion effect and/or increase in soil pH from biochar additions
(Deenik et al. 2011; Van Zwieten et al. 2010). However, the
effects of biochar feedstock and production conditions on
BNF are largely unknown.

Additionally, the influence of the VM on BNF is poorly
quantified. Organic molecules contained in smoke can en-
hance seedling germination (Light et al. 2009). Some of these
smoke-derived compounds are similar in structure to known
microbial signaling molecules (Cesco et al. 2010; Cooper
2007). Other smoke-derivedmolecular analogues ofmicrobial
signaling compounds may be a constituent of the VM in bio-
char. If present, these molecules might have a stimulatory
effect on nodulation and BNF. On the other hand, several
studies have also shown a high adsorptive capacity of biochar
for various organic molecules, such as pesticides (Yang and
Sheng 2003; Hale et al. 2011). If plant and microbial signaling

molecules are also adsorbed to the surfaces of biochar parti-
cles, this could reduce nodulation and potentially reduce BNF.

The objectives of the work presented here were to (i) quan-
tify the effects of addition of contrasting biochars to a low-
fertility soil on BNF of common bean, and (ii) partition the
effects of nutrients added and/or adsorption and release of
organic molecules on BNF. The hypotheses tested were that
(i) fertilization effects of the biochar added may only in part
lead to increased BNF, and (ii) the VM of biochar will have a
stimulatory effect on nodulation and Ndfa.

Methods

Biochar production

Biochar was produced for two greenhouse experiments, Ex-
periment 1 and Experiment 2. Sugarcane bagasse (Saccharum
spp.), Eucalyptus saligna wood, Delonix regia wood, prun-
ings of the tea bush (Camelia sinensis), maize stover (Zea
mays), and maize cobs (Z. mays) were collected as biochar
feedstocks from western Kenya during June and July of
2010. Rice hulls (Oryza sativa) were acquired from Lundberg
Family Farms (Richvale, CA, USA). All feedstocks were air-
dried and ground to pass through a 1-mm sieve prior to pyro-
lyzing. The ground feedstocks were pyrolyzed in bench-top
pyrolysis units at either 350 or 550 °C. Two pyrolysis units
were used for producing the biochar. One pyrolysis unit (Ex-
periment 1) was based on a modified Fisher Scientific Isotemp
programmable muffle furnace (Thermo Fisher Scientific, Wal-
tham, MA, USA). A mild-steel cylinder (pyrolysis chamber)
was placed inside the furnace chamber. A 6.35-mm (outer
diameter) stainless steel tube was wrapped around the mild-
steel cylinder to preheat sweep gases which was then intro-
duced into the cylinder via a stainless steel compression
fitting. The other end of the stainless steel tube exited the
furnace to allow either the sweep gas or deionized water to
be injected into the pyrolysis chamber. This pyrolysis unit was
used at Cornell University to manufacture the biochar for Ex-
periment 1. All of the biochars manufactured in this kiln were
prepared using argon sweep gas at a rate of 1 L min−1 to
maintain anaerobic conditions during pyrolysis.

A second pyrolysis unit was manufactured for the produc-
tion of the biochar for Experiment 2. This pyrolysis unit was
custom built using high-temperature refractory brick and elec-
tric heating coils connected to a programmable temperature
controller. The interior metal cylinder of this unit was de-
signed in the same fashion as the unit from Experiment 1.
Oxygen-limited conditions in the pyrolysis chamber were
maintained using a steam sweep at a rate of 500 mL min−1

injected once the maximum temperature had been reached.
During pyrolysis, a motorized paddle assembly continuously
agitated the feedstock for the duration of production. A ramp
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temperature rate of 5 °C min−1 and a maximum temperature
dwell time of 2 h before cooling were used.

Modification of biochars

For each pyrolysis temperature and feedstock combination, a
subsample of the biochar produced was treated either in the
kiln after the maximum kiln temperature had been reached or
after the biochar was removed from the kiln. After pyrolysis,
one subsample of each biochar was leached with acetone
using a biochar to acetone ratio of 1:10 (w/v). This was
intended to remove a fraction of VM that may stimulate plant
growth. Each biochar was mixed with acetone and shaken
overnight on a reciprocal shaker in a 10-L screw-top
Nalgene™ (Thermo Fisher Scientific) canister. After shaking,
the mixture was filtered through a Whatman #42 filter paper
(Whatman Inc., Piscataway, NJ, USA), placed in a ceramic
Buchner funnel, and then dried in an oven overnight at 90 °C
to evaporate any remaining acetone.

Another subsample of each biochar was leached with 2 N
hydrochloric acid (HCl) to reduce its ash andmineral contents.
These biochar subsamples were mixed with 2 N HCl at a ratio
of 1:10 (w/v), shaken overnight in 10-L screw-top Nalgene™
(Thermo Fisher Scientific) canisters on a reciprocal shaker,
and filtered through a Whatman #42 (Whatman Inc.) filter
paper placed in a ceramic Buchner funnel. The biochar sub-
samples were then mixed with deionized water in a ratio of
1:10 (w/v) and allowed to equilibrate while being stirred con-
tinuously. The pH of each HCl-treated biochar subsample was
readjusted to its original pH using a 1 N NaOH solution. The
biochar subsamples were then filtered again through a ceramic
Buchner funnel and leached with deionized water using 1 L/
600 g biochar to remove excess sodium and chloride. The
HCl/NaOH treated biochar subsamples were then placed in
an oven at 60 °C until all of the water evaporated.

During pyrolysis, one batch of each biochar was treated
with steam for 2 h, intended to reduce both the VM and the
ashed minerals. Steam is used as an activation treatment to
remove VM and ash in the process of manufacturing activated
carbon (Ioannidou and Zabaniotou 2007; Stuart 1950;
Wigmans 1989). Deionized water was injected into the pyrol-
ysis unit once the furnace had reached maximum temperature.
The water was injected at a rate of 10mLmin−1 for 2 h. A final
batch of each biochar was left untreated. Biochar properties
from Experiment 1 are presented in Table S1 and Table S2.

For Experiment 2, only two biochar feedstocks were used,
E. saligna and D. regia, and pyrolyzed only at 550 °C. One
subset of biochar from each of these feedstocks was left un-
treated. A second set of biochar was treated with HCl follow-
ing the protocol previously described and the final pH was
adjusted to the original pH of the biochar. A third set of bio-
char from these feedstocks was treated with HCl as mentioned

above and left at low final pH values. Chemical properties
from these biochars are presented in Table S3.

Soil and experimental setup

Both greenhouse experiments were established at the World
Agroforestry Centre in Kisumu, Kenya, using four replicates.
Experiment 1 was conducted in June 2011 and Experiment 2
was conducted as a follow-up in August of 2013. A humic
Acrisol was collected from a site that had been converted to
agriculture in 1900 (Kimetu et al. 2008; Kinyangi 2007;
Ngoze et al. 2008). The field site was in Kapsengere village
in western Kenya. The cropping system in the area is domi-
nated by maize and common bean (Phaseolus vulgaris) pro-
duction. The soil was air-dried, passed through a 2-mm sieve,
and thoroughly homogenized. The principal chemical charac-
teristics of the soil were: pH 5.5 (CaCl2) and 6.1 (H2O), sand
9 %, silt 32 %, clay 58 %, cation exchange capacity
395 mmolckg

−1, 24.0 mg g−1 total C, 2.1 mg g−1 total N,
3 mg kg−1 NO3

−, 6 mg kg−1 NH4
+, 27 mg kg−1 P, 4 mg kg−1

K, 25 mg kg−1 Ca, 2 mg kg−1 Mg, 8 mg kg−1 Mn, 1 mg kg−1

Fe, 5 mg kg−1 Al. This soil was used for both experiments.
In the first experiment, each of the prepared biochars was

added separately to 2578 g soil at a rate equivalent to 15 t
biochar ha−1 (33 g pot-1) and homogenized along with granu-
lar phosphorus (P) added at a rate equivalent to 1 kg P ha−1 in
the form of triple super phosphate (Mea Fertilizer Ltd., Nai-
robi, Kenya). The P fertilizer was added to remove severe P
limitations to BNF, while not adding too much as to mask any
biochar effects. Each of the mixed soils was then added to
plastic pots (0.17 m diameter by 0.14 m height), filling each
pot to within 10 mm of the pot rim. Also included was a
control treatment that received P but not biochar.

For Experiment 2, the same weight of soil and biochar was
used as listed above. The fertilizer application in this experi-
ment deviated from the initial experiment, as a fertilizer-only
control was added. Synthetic fertilizer was added as a control
on an equal basis to nutrients added with biochar produced
from D. regia at 550 °C. This feedstock had the greatest total
mineral nutrient content among all biochars of Experiment 1.
Four grams of a fertilizer were prepared with the following
mass percentages and added per pot: 20.6 % triple super phos-
phate, 20.5 % muriate of potash, 22.5 % calcium chloride,
27.5 % magnesium sulfate, 0.58 % manganese oxide,
0.35 % copper sulfate, 0.40 % zinc oxide, and 0.15 % sodium
borate. The trial was performed in a completely randomized
design with five replicates.

Irrigation and management

A drip irrigation system was installed in the greenhouse with
one drip emitter per pot (The Drip Store, Vista, CA, USA). All
pots were watered to maintain soil moisture at field capacity
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for the duration of the experiment. Field capacity (70 %water-
filled pore space) was determined gravimetrically prior to
irrigation.

Nodulating and non-nodulating isolines of the common
bean (Phaseolus vulgaris L.), variety DOR 364 from CIAT
(International Center for Tropical Agriculture, Cali, Colum-
bia), were used. The non-nodulating isoline was used to quan-
tify soil 15N uptake values to determine N derived from fixa-
tion (Ndfa) via the natural abundance method (Peoples et al.
2009). In Experiment 1, two seeds were planted per pot on 11
July, 2011, and thinned to one plant per pot on 18 July, 2011.
The plants were harvested during peak flowering between 15
and 21 August, 2011. Experiment 2 was planted on 7 August,
2013 and harvested between 13 and 17 September, 2013. At
harvest, the roots were separated from the shoots and washed.
After washing, the nodules were separated from the roots,
counted, and placed in a plastic bag containing silica gel des-
iccant. The roots were placed into separate paper bags and
dried at 60 °C in a forced air oven.

Determination of b value

The b value, needed to quantify Ndfa, was determined at Cor-
nell University, Ithaca, NY, USA. Two seeds of the nodulating
isoline ofP. vulgaris cv DOR 364were placed into plastic pots
filled with acid-washed vermiculite using seven replicates.
The pots were placed under growth lamps continuously in a
laboratory maintained at 22 °C. Plants were watered regularly
with an N-free nutrient solution (Peoples et al. 2009). After the
radicles emerged, the plants were inoculated with Rhizobium
tropici strain CIAT899 and maintained under the growth
lamps for 4 weeks. After 4 weeks, the plants were harvested
and the shoots were separated from the roots. The plant
tissue was finely ground and used to determine the b
value (Peoples et al. 2009). Ndfa was determined
through the following equation [Eq. 1]:

%Ndfa ¼ 100
15Nnn−15Nnð Þ
15Nnn−bð Þ

� �

Where 15Nnn is the
15N content of the non-nodulating iso-

line, 15Nn is the
15N content of the nodulating isoline, and b is

the 15N content of the b value.

Biochar analysis

Subsamples of all biochars prepared were ground with a mor-
tar and pestle and sieved to reach a particle size of 149–
850 μm. Each biochar was then analyzed for total nutrient
content in duplicate using a modified dry-ashing technique
(Enders and Lehmann 2012). Biochar ash and VM contents
were determined in duplicate by proximate analysis using

ASTM D1762-84 Chemical Analysis of Wood Charcoal. Hy-
drogen (H) was determined by combustion using a Hekatech
HT Oxygen Analyzer interfaced to a PDZ Europa 20–20 iso-
tope ratio mass spectrometer (Sercon Ltd., Cheshire, UK).
Total oxygen (O) was calculated by difference (Enders et al.
2012) as follows [Eq. 2]:

O %w=wð Þ ¼ 100% ‐ash %w=wð Þ ‐C %w=wð Þ ‐N %w=wð Þ‐ H % w=wð Þ

The pH of all of the biochars was determined in 1:20 (w/v)
deionized water. Biochar subsamples (1.0±0.01 g) were
weighed directly into 60-mL screw-top glass vials, filled with
20 mL of deionized water, and agitated on an orbital shaker
table for 1.5 h. The slurry was mixed continuously with a stir
bar while pH was measured. All analyses were performed in
duplicate. Biochar properties are given in Tables S1 and S2.

Plant tissue analysis

Each plant sample was ground finely using a ball mill and
homogenized. Total mineral nutrient uptake in shoots was
determined by digesting tissue subsamples in concentrated
HNO3 and 30 % H2O2 and analyzing the digests on an axially
viewed ICP trace analyzer emission spectrometer (Thermo
Electron, Waltham, MA, USA). Total N and C in shoot tissues
were determined by dry combustion (PDZ Europa ANCA-
GSL elemental analyzer, PDZ Europa 20–20 isotope ratio
mass spectrometer, Sercon Ltd., Cheshire, UK). Nitrogen iso-
tope ratios (14N/15N) in shoot tissues were measured by iso-
tope ratio mass spectrometry (Sercon Ltd.).

Soil analysis

Soil mineral nutrient analysis was performed on the soil prior
to biochar applications.Mineral Nwas extracted with 2 NKCl
and quantified colorimetrically using a continuous flow
autoanalyzer (Bran and Luebbe Autoanalyzer, SPX, Char-
lotte, NC, USA). Phosphorus was determined using the
Olson-P extraction (Kuo 1996). Exchangeable nutrients were
determined by Mehlich-3 extraction (Mehlich 1984). Cation
exchange capacity was determined by ammonium acetate ex-
traction buffered at pH 7 (Sumner and Miller 1996). All ex-
tracts were analyzed by ICP.

Soil pH was determined in either 1:2 deionized water (w/v)
or 1:2 CaCl2. Two sets of soil subsamples (1.0±0.01 g) were
weighed directly into 60-mL screw-top glass vials. One set of
vials were filled with 20 mL of deionized water, another set of
vials were filled with 20 mL of 0.01 M CaCl2 prepared with
deionized water. Both sets of filled vials were agitated on an
orbital shaker table for 1.5 h. The slurry was mixed continu-
ously with a stir bar while pH was measured. All analyses
were performed in duplicate.
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Rhizobium growth with acetone-soluble biochar extracts

The volatile material was extracted from the untreated bio-
chars used in Experiment 1 with acetone. Thirty three grams
of each of the seven biochars were placed into 1-L Nalgene™
(Thermo Fisher Scientific) wide-mouth screw-top bottles. To
these bottles, 330 mL of acetone were added. The bottles were
then shaken overnight. After shaking, the biochar/acetone
mixture was filtered through Adventec® GC-50 filter discs
(Toyo Roshi Kaisha, Ltd. Tokyo, Japan) placed in a ceramic
Buchner funnel inserted in a 500-mL glass vacuum flask
(Corning Glass, Corning, NY, USA). The acetone extracts in
the glass vacuum flasks were placed on an 80 °C sand bath
and evaporated until the total volume was just below 50 mL.
Once the volume of each of the acetone extracts was below
50 mL they were quantitatively transferred into 50-mL Fal-
con™ conical polypropylene centrifuge tubes (Thermo Fisher
Scientific) and returned to the sand bath until just before
reaching total dryness. The extracts were suspended in
10 mL of sterile deionized water by vortexing small aliquots
for 10 min on a mini vortexer M7 (Randnor, PA, USA). The
emulsions, including an acetone/water control, were poured
over 100 mm×30 mm yeast extract mannitol agar medium (in
four replicates). The plates were left inside a laminar flow
hood with the lids off until all of the liquid had evaporated
or imbibed. The plates were left to rest for 1 day before
100 μL of Rhizobium tropici (strain CIAT 899) were plated.
Pure cultures of CIAT 899 in yeast extract mannitol broth
were cultured overnight at 30 °C on an orbital shaker to tur-
bidity. The cultures were then diluted to 10−6 and 10−7 with
sterile deionized water and plated using the drop-plate method
(Somasegaran et al. 1985). The plates were incubated at 22 °C
for three days (no more colonies appeared with additional
incubation time). The colony forming units were counted un-
der a dissecting microscope.

Mycorrhizae colonization

In Experiment 2, 1 g of plant roots was taken from each plant
at harvest, rinsed in deionized water, and stained following the
protocol described byKoske andGemma (1989). One gram of
washed bean roots was placed into labeled 50-mL Falcon™
conical polypropylene centrifuge tubes (Thermo Fisher Scien-
tific). To these tubes, 35 mL of 10 % KOH solution were
added. Tubes were then placed in a 90 °C water bath for
15 min to clarify the roots. Roots in each tube were washed
with two rinses of 40mL deionized water. Then, 40mL of 1%
HCl were added to each tube. The tubes were capped and
allowed to sit overnight. The following day, the HCl solution
was decanted and 40mL of a trypan blue staining solutionwas
added to each tube. The tubes were placed in a 90 °C water
bath for 15 min. The stain was decanted and the roots were
rinsed with 40 mL of 1 % HCl before a final 40 mL of an

acidified glycerol destaining solution was added. The roots
were transported from Kenya to Cornell University in the
destaining solution for further analysis.

After destaining, four randomly selected 15-mm root frag-
ments were removed and mounted in glycerol on glass micro-
scope slides (VWR International, LLC. Radnor, PA, USA).
Once mounted, root mycrorrhizae colonization was scored
using the gridline intersect method at ×400 on a compound
microscope (Brundrett et al. 1996).

Statistical analyses

All statistical analyses were performed with JMP software
(SAS, Cary, NC). All procedures were performed at P<0.05,
unless otherwise indicated. Significant treatment effects were
determined using the Tukey’s HSD test. Principal component
analysis using selected biochar properties and plant and mi-
crobial responses were performed to examine the reason for
greater BNF in the legumes.

Results

Greenhouse experiment 1

Plant and nodule biomass

Shoot, root, and nodule biomass increased significantly (P=
0.0327, 0.0056, and 0.0006, respectively) in response to all
biochar amendments relative to the unamended control
(Table 1; Supplementary Table S4 for individual means).
Shoot biomass increased between 263 and 293 %, root bio-
mass increased between 134 and 178 %, and nodule biomass
increased between 2953 and 4927 % relative to the unamend-
ed control for the averaged values pooled across temperatures
and treatments (Table 1). Choice of feedstock used to produce
the biochar significantly (P=0.0327 and 0.0006, respectively)
influenced plant and nodule biomass (Table 1). However,
shoot biomass only varied with additions of biochar made
from different feedstocks, not as a result of treatment of bio-
chars post production or with different pyrolysis temperatures.
In addition, extracting biochars with acetone caused a signif-
icant (P<0.0001) increase in nodule biomass above the other
biochar treatments.

Nodule number and nitrogen derived from fixation

Nodule number and Ndfa increased significantly (P<0.0001,
P=0.0005) in response to all biochar additions (Table 2).
When measured in total amounts (mg plant−1), biochar addi-
tions increased Ndfa between 1530 and 3022 % above the
unamended control. When expressed as a proportion of total
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N, biochar applications increased Ndfa between 1066 and
1450% above the unamended control. The proportion of Ndfa
did not vary between plants after additions of biochars made
from different feedstocks. In contrast, total amounts of Ndfa
were on average 83 % greater with rice hull biochar than
biochar obtained from Eucalyptus, maize cobs, or maize sto-
ver. Nodule number was, on average, 55 % greater with tea
and Delonix biochar than with biochar produced from maize
cobs or maize stover.

Pyrolysis temperature had a lesser effect on Ndfa than bio-
char feedstock. Additions of biochar produced at 550 °C only
resulted in 15% greater Ndfa amount per pot and 25% greater
Ndfa proportion in plants than those produced at 350 °C
(Table 2). The number of root nodules was 15 % greater with
additions of biochar produced at 550 °C than of biochar pro-
duced at 350 °C.

Post-pyrolysis extraction with acetone resulted in signifi-
cantly (P<0.0001, P<0.0001, P=0.0006, respectively) in-
creased Ndfa (41–29 % amount of Ndfa, 23–86 % proportion
of Ndfa) and nodule number (32–37 %) relative to the other
three treatments (Table 2). Steam treatment of biochar did not
significantly change Ndfa. However, acid extraction of

biochars significantly (P<0.0001) decreased Ndfa. In con-
trast, the number of root nodules did not differ after additions
of untreated, steam treated, or acid-treated biochar.

Plant nutrient uptake

Plant nutrient concentration and total uptake was significantly
(P<0.05) affected by biochar feedstock for all measured plant
nutrients (Table 3). Increases in plant tissue nutrient concen-
trations and nutrient uptake after biochar additions in compar-
ison to the control were, 208 and 566 % for P, 0 and 321 % for
K, 117 and 329 % for Ca, 115 and 340 % for Mg, and 117 and
294 % for Mn, respectively, when pooled across temperature
and treatment. Phosphorus, Ca, and Mn uptake varied signif-
icantly with pyrolysis temperature, where plant P uptake and
tissue concentrations were 22 and 18 % higher, respectively,
in soils amended with biochar produced at 550 °C than at
350 °C (Table 3). In contrast, Ca concentration and uptake
were 14 and 11 % greater, and Mn concentration and uptake
were 14 and 19 % higher with biochars made at 350 °C than
550 °C, respectively. Post-pyrolysis modification of biochars

Table 1 Bean shoot, root, and nodule biomass responses to biochar
feedstock, pyrolysis temperature, and post-pyrolysis treatment

Feedstock Shoot biomass
(g pot−1)

Root biomass
(g pot−1)

Nodule biomass
(g pot−1)

Rice 2.06±0.10 a 0.50±0.03 a 0.157±0.011 ab

Bagasse 1.85±0.10 a 0.48±0.02 ab 0.147±0.011 ab

Maize stover 1.66±0.11 a 0.50±0.03 a 0.117±0.012 b

Maize cobs 1.67±0.11 a 0.43±0.03 ab 0.119±0.012 ab

Eucalyptus 1.83±0.10 a 0.38±0.03 b 0.115±0.012 b

Delonix 2.05±0.10 a 0.49±0.03 ab 0.171±0.012 a

Tea 1.90±0.10 a 0.41±0.03 ab 0.168±0.012 a

Control 0.71±0.32 b 0.28±0.08 c 0.004±0.037 c

P value 0.0327 0.0056 0.0006

Temperature

350 1.88±0.06 0.48±0.01 a 0.14±0.01

550 1.84±0.06 0.43±0.01 b 0.14±0.01

P value 0.5536 0.0387 0.6591

Treatment

None 1.87±0.8 0.42±0.02 0.14±0.01 b

Acetone 1.99±0.08 0.46±0.02 0.17±0.01 a

H2O 1.81±0.08 0.47±0.02 0.15±0.01 b

HCl 1.76±0.08 0.48±0.02 0.11±0.01 b

P value 0.1859 0.2037 <0.0001

Different letters indicate significant differences. Linear contrast between
all biochar and the control (Feedstock: Tukey’s HSD, P<0.05, n=32
within biochar; Temperature Tukey’s HSD, P<0.05, n=112; Post-pyrol-
ysis treatment Tukey’s HSD, P<0.05, n=56). Letters are not shownwhen
differences are not significant

Table 2 Bean N derived from fixation and nodule counts in response to
biochar feedstock, pyrolysis temperature and post-pyrolysis treatment.

Feedstock Ndfa
(mg N plant−1)

Ndfa
(% total N)

Root nodules
(number pot−1)

Rice 34.00±2.68 a 45.47±2.81 a 145±11 ab

Bagasse 25.55±2.64 ab 40.57±2.77 a 141±11 ab

Maize stover 19.89±2.93 b 34.68±3.07 a 122±12 b

Maize cobs 17.21±2.88 b 35.06±3.01 a 107±12 b

Eucalyptus 18.71±2.77 b 33.43±2.91 a 146±11 ab

Delonix 24.09±2.82 ab 35.14±2.96 a 179±11 a

Tea 25.58±2.77 ab 43.20±2.91 a 186±11 a

Control 1.25±8.63 c 3.14±2.77 b 22±35 c

P value 0.0005 0.0145 <0.0001

Temperature

350 21.00±1.53 b 34.12±1.53 b 137±6 b

550 26.76±1.56 a 42.91±1.56 a 157±6 a

P value 0.0090 <0.0001 0.0260

Treatment

None 25.82±1.98 b 40.37±1.93 b 136±9 b

Acetone 33.27±1.94 a 49.79±1.89 a 178±9 a

H2O 21.72±2.04 b 36.63±2.00 b 144±9 b

HCl 13.79±2.00 c 26.13±1.95 c 130±9 b

P value <0.0001 <0.0001 0.0006

Different letters indicate significant differences. Linear contrast between
all biochar and the control (Feedstock: Tukey’s HSD, P<0.05, n=32
within biochar; Temperature: Tukey’s HSD, P<0.05, n=112; Treatment:
Tukey’s HSD, P<0.05, n=56). Letters are not shown when differences
are not significant
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did not result in large and consistent differences in foliar nu-
trient concentrations, except for P, Ca, and Mn.

In the principal component analysis, Ndfa, the num-
ber of root nodules, and nodule biomass were most
closely correlated with plant tissue P and P uptake
(Fig. 1). These metrics were to a lesser extent related
to Ca and P in the biochar, biochar pH, and unrelated
to plant tissue Mn and Ca contents.

Acetone-soluble biochar compounds and rhizobial growth
plates

All of the YMA plates treated with acetone-soluble bio-
char residues from biochar produced at 350 °C resulted
in no observable rhizobial growth, but rhizobia counts
were not different from the control on YMA containing
acetone extracts from biochar produced at 550 °C
(Table 4; except for plates containing extracts from
maize stover). Using a linear contrast, rhizobial growth
was 19 and 20 % greater on plates treated with acetone-
soluble VM extracts from biochars produced from
Delonix (P=0.0347) and rice hulls (P=0.0447) at
550 °C, respectively, than the acetone-residue control.
Acetone did not adversely affect the rhizobia, as growth

on plates with acetone-residue did not differ from
growth on untreated YMA plates.

Greenhouse experiment 2

Shoot biomass was significantly (P<0.05) greater when
inorganic fertilizer was added than when biochar was
added. Shoot biomass after biochar application was not
significantly different from the unamended control
(Table 5). In contrast, nodule biomass and number were
significantly (P<0.05) greater when untreated biochar
was added than either the fertilizer (no biochar with
nutrient addition) or control treatments (no biochar with-
out nutrient addition) (Table 5). No Ndfa was measured
with inorganic fertilizer additions. Little Ndfa was mea-
sured (0.81 mg N pot−1, 1 % of N) in the unamended
control. Ndfa was between 4.5 and 8.9 mg N pot−1 (8–
18 % of N) with biochar additions (Table 5). Arbuscular
mycorrhizal colonization in the plant roots grown in soil
with the unmodified biochars was 65–71 % and 140–
149 % greater than the no biochar fertilizer and no
fertilizer control treatments, respectively.

Extracting nutrients from biochars without a pH drop de-
creased theNdfa (mgN pot−1) by 52–59% (Table 5). However,

Fig. 1 Principal component
analysis correlation biplot
depicting the relationship
between plant and microbial
response variables and selected
biochar chemical properties.
Eigenvalues for the first two
components are 3.82 and 2.94 and
represent 27 and 21 % of the
variability, respectively. Seventy
four percent of the variability
were contained in the first four
components (see Table S6 for
component loading values).
Foliar nutrient contents are
concentrations in the bean tissue,
plant uptake are total nutrient
uptake per pot, biochar nutrients
are concentrations, and Ndfa is N
derived from biological N
fixation (mg pot−1)
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the pH of the biochar did not appear to play any role, as Ndfa
was unchanged whether biochars had a pH of 4–5 or 8–11.
Without extracting nutrients, all biochar additions significantly
(P<0.05) increased mycorrhizal colonization by 71–154 %
compared to no nutrient additions. Similar to Ndfa, mycorrhizal
colonization was not affected by biochar pH. Adding fertilizer
without biochar did not affect root mycorrhizae colonization.

Discussion

Biochar effects on plant growth and nitrogen fixation

The significant increases in plant growth with any of the bio-
chars mirror similar increases for experiments with highly
weathered soils (Major et al. 2010; Steiner et al. 2007; Van
Zwieten et al. 2010) and exceed the increases in BNF reported
by Rondon et al. (2007). Several indications exist that P was
the nutrient most strongly limiting plant growth in the studied
soil. In addition, foliar P and plant P uptake provided the
strongest relationship to greater nodulation and Ndfa. In-
creased P uptake with biochar additions has been reported
previously as a result of high P contents in the biochar (Chan
et al. 2008). Biochars may vary greatly in their P contents due
to different feedstock properties and in addition biochar P
contents often increase with pyrolysis temperature due to C,
H, and O losses (Enders et al. 2012). Other studies have
shown an interactive effect between biochar and soil P (Farrell
et al. 2014). However, in our study, foliar P contents and plant
P uptake were not related to P additions from the biochar.

Foliar Ca and Mn concentrations and uptake increased as a
result of the addition of biochar fromwhich nutrients had been
extracted despite a significant reduction in its Ca content, in
contrast to other nutrients. Also, despite pH adjustment after
the acid extraction procedure, the biochar was found to have a
substantially lower pH than those of the other post-pyrolysis
treatments. Hollister et al. (2013) identified Ca species to be
present in calcite form in biochar produced at 550 °C; it is
possible that any remaining Ca in the biochar could have been
dissolved from otherwise unavailable carbonates in the ash,
which may not have been available to the plants at the native

Table 5 Bean shoot and nodule biomass, N derived from fixation, nodule counts, and mycorrhizae root colonization in response to biochar and
nutrient additions (nutrient additions equivalent to those in Delonix biochar)

Number of
nodules (pot−1)

Nodule biomass
(mg pot−1)

Shoot biomass
(g pot−1)

Ndfa
(mg N pot−1)

Ndfa
(% total N)

Mycorrhizae
(% root colonization)

Untreated biochar

Delonix (pH 10.43) 59.80±8.11 A 47.66±7.98 A 1.78±0.15 B 8.93±1.49 A 17.48±2.11 A 86.86±6.66 A

Eucalyptus (pH 8.27) 42.80±8.11 A 30.35±7.98 AB 2.02±0.15 B 4.48±1.33 AB 7.46±1.89 B 89.91±6.66 A

Treated biochar

Delonix (pH 10.47) 37.20±7.17 ab 17.18±3.64 ab 1.84±0.13 bc 3.64±0.85 a 7.51±1.55 ab 91.89±6.94 a

Delonix (pH 4.37) 44.00±8.01 a 20.34±4.06 a 1.53±0.15 bc 4.34±0.85 a 8.97±1.55 a 78.36±6.94 ab

Eucalyptus (pH 8.35) 32.80±7.17 ab 15.28±3.64 ab 1.86±0.13 b 2.15±0.85 ab 4.00±1.55 abc 61.81±6.94 ab

Eucalyptus (pH 4.99) 2.00±9.25 b 0.91±4.69 ab 1.17±0.17 c 1.32±0.85 ab 2.96±2.01 abc 64.00±7.76 ab

No biochar

With nutrient additions 42.75±8.01 AB(a) 5.26±4.06 B(ab) 2.71±0.15 A(a) 0.00±0.85 C(b) 0.00±1.55 C(c) 52.49±6.94 B(bc)

Without nutrient
additions

8.40±7.17 B(b) 1.36±3.64 B(b) 1.72±0.13 B(bc) 0.81±0.85 BC(ab) 1.13±1.55 BC(bc) 25.37±8.96 B(c)

Different letters indicate significant differences. Tukey’s HSD, P<0.05, n=5. Letters are not shown when differences are not significant. Comparisons
only valid within columns between capitalized or non-capitalized letters pH in 1:20 (w/v) H2O

Table 4 Rhizobium colony forming units cultured on yeast mannitol
agar (YMA) plates incorporated with acetone-soluble biochar extracts
(values followed by the same letter are not significantly different,
Tukey’s HSD, P<0.05, n=4, control and acetone/water control n=8)

Feedstock Temperature Colonies plate−1

Rice 350 0.00±0.00 d

550 2.88×107±0.3×107 a

Bagasse 350 0.00±0.00 d

550 1.70×107±0.20×107 bc

Maize stover 350 0.00±0.00 d

550 0.00±0.00 d

Maize cobs 350 0.00±0.00 d

550 2.20×107±0.10×107 abc

Eucalyptus 350 0.00±0.00 d

550 2.72×107±0.40×107 a

Delonix 350 0.00±0.00 d

550 2.90×107±0.07×107 a

Tea 350 0.00±0.00 d

550 2.20×107±0.07×107 abc

Control (YMA only) 2.41×107±0.19×107 ab

Control (YMA and
acetone-extract residue)

1.65×107±0.20×107 c

P value – <0.0001
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biochar pH, and Mn availability increased by lower pH. How-
ever, plant uptake of Ca and Mn were only weakly related to
nodulation and Ndfa. Residual Cl from the acid treatment and
Na from the pH adjustment may have had a negative effect on
plant performance (Rajkovich et al. 2012) and BNF; but such
an effect would only strengthen the argument that nutrient
additions with the biochar were not related to the positive
effects of biochar on BNF.

We hypothesized that the additions of plant limiting nutri-
ents found in the biochar would increase plant growth, nodu-
lation and BNF. While plant mineral nutrient uptake, and in
the case of P also its foliar concentrations, significantly in-
creased with biochar additions, the increase in plant mineral
nutrition could not be directly related to mineral nutrient ad-
ditions from the biochar. When mineral nutrients were applied
to soil at the highest rate found in the biochar additions, plant
growth increased to the response measured with biochar ad-
ditions, but BNF did not increase. This indicates that mineral
nutrients were indeed limiting in the studied soil and the alle-
viation of nutrient deficiencies improved plant growth. Con-
versely, when mineral nutrients were extracted from biochars,
increases in N fixation with biochar additions did not disap-
pear. These different lines of evidence suggest that biochar is
altering the soil environment to enable increased BNF not
merely related to nutrient additions from the biochar alone.

Reasons for increased nitrogen fixation with biochar

Mycorrhizal colonization and P nutrition of plants

Improved P nutrition of plants was the most likely explanation
for greater Ndfa in response to biochar additions, albeit unre-
lated to the biochar P contents, as outlined above. One likely
mechanism for greater P uptake found in the plants is an im-
proved access to soil P (Vanek and Lehmann 2014) through
the observed increase in mycorrhizal colonization. Mycorrhi-
zae have a well-established connection to improved plant nu-
trient uptake, with particular relevance to P nutrition (Vance
et al. 2000; Vance 2001), and several studies have documented
greater mycorrhizal colonization after biochar additions to soil
where P or other soil resources are limiting (Rillig et al. 2010;
Solaiman et al. 2010; Vanek and Lehmann 2014). In our study,
it remained unclear what the mechanism was for the greater
mycorrhizal colonization with biochar additions. Several
mechanisms have been hypothesized for the promotion of
mycorrhizae with biochar (Lehmann et al. 2011; Warnock
et al. 2007), such as an improvement of soil nutrient availabil-
ity for mycorrhizae though our data do not support this hy-
pothesis. Mycorrhizal colonization was not significantly dif-
ferent between unaltered biochar and biochar that had been
leached of mineral nutrients. We also did not find significant
differences between high or low pH biochars. Other proposed
mechanisms include a shift in composition and activity of

communities of other microorganisms that influence mycor-
rhizae (e.g., Mycorrhization Helper Bacteria) and biochar as a
possible refuge for colonizing fungi. However, the design of
our experiment did not test these hypotheses.

Amelioration of soil pH

Previous studies have documented the potential of biochar to
ameliorate soil acidity and improve nutrient availability
(Novak et al. 2009; Van Zwieten et al. 2010; Yuan and Xu
2011). While the biochar additions in our study significantly
increased soil pH (albeit only by 0.3–0.4 pH units), biochar
pH was not correlated with plant or microbial responses. In
addition, some of the greatest plant and BNF responses were
found from additions of acidic acid-treated biochar with a pH
below the native soil pH, despite possible elevated levels of Cl
due to the acidifying treatment. However, increases in pH of
the studied acid soil close to biochar particles that are high in
pH, undetectable by our bulk soil observations, could have
altered nutrient availability locally. Since roots and mycorrhi-
zae are found in this region around biochar particles (Vanek
and Lehmann 2014), even local pH changes may have impli-
cations for nutrient uptake. This could not be ruled out in this
study and may have contributed to the increases in plant and
microbial responses.

Influence of volatile matter on rhizobial growth

The second hypothesis we tested was that the acetone-soluble
compounds in biochar may stimulate rhizobial symbiosis. Our
data did not support this hypothesis across all biochars. On the
contrary, when the biochars were leached with acetone to at-
tempt to reduce the volatile matter, the plant and microbial
responses consistently increased over unaltered biochar. This
suggests there is an acetone-soluble compound or compounds
that were partially inhibitory to nodulation and possibly led to
reduced Ndfa. In addition, when the acetone-soluble com-
pounds were removed and tested directly with rhizobium this
resulted in failure of bacterial growth on YMA plates treated
with the acetone extracts from the biochar manufactured at the
lower pyrolysis temperature (350 °C). This is direct evidence
for the toxicity of some acetone-soluble volatile matter on
rhizobium at the concentrations used in this experiment. In
contrast, acetone-soluble extracts from biochar manufactured
at the higher temperature (550 °C) did not have negative ef-
fects on rhizobial growth except from maize stover biochar.
As the total VM defined by the ASTM method was greater in
the biochar manufactured at the lower temperature than in the
biochar manufactured at the higher temperature, it is possible
that the toxicity of the acetone-soluble material was due to
quantitative rather than qualitative differences. However,
qualitative differences of VM properties in the low-
temperature biochar were likely to have also occurred, but
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these differences were masked by the greater amounts of VM
in the low-temperature biochar. The greater rhizobial growth
with the high-temperature Delonix and rice biochars demon-
strate that some VM fractions may have a stimulatory effect
on rhizobium.

Greater nodule number and Ndfa seen in response to
increasing pyrolysis temperature corroborated plant
growth differences seen in other studies. Rajkovich
et al. (2012) found maize growth increased as pyrolysis
temperatures increased from 300 to 600 °C, but the
authors could not correlate the changes in maize growth
with VM or plant N uptake. In our study, biochar pro-
duced at 550 °C had lower total VM contents than
biochar produced at 350 °C. In previous studies, VM
has been correlated to reduced plant responses (Deenik
et al. 2011) and microbial toxicity (Painter 1998). Some
of the compounds isolated from VM are known to be
phytotoxic (Fernandes and Brooks 2003; Fernandes
et al. 2003). Others have reported compounds beneficial
to plant germination in wood smoke (Light et al. 2009)
or have hypothesized that there are chemicals in biochar
that may stimulate plant growth at low doses (Graber
et al. 2010). While our data supports the toxicity of
some acetone-soluble VM from biochar, it cannot be
concluded that the entire spectrum of VM in biochar
was toxic to rhizobium. On the contrary, the acetone-
soluble extracts from some of the biochars improved
rhizobial growth. It is not known whether this stimula-
tory effect was from specific growth-inducing com-
pounds or from the presence of larger amounts of me-
tabolizable C (Penas-Cabriales and Alexander 1983).

While the acetone wash did not significantly reduce the
total volatile content of the biochar as measured by the
ASTM method, Deenik et al. (2011) extracted and identi-
fied phytotoxic compounds from biochar using acetone.
These compounds reduced plant growth and N uptake
and are known to be phytotoxic. Volatile matter according
to the ASTM merely indicates the extent of carbonization,
and is not sensitive enough to measure subtle biologically
important changes in VM composition. However, the data
suggest that the majority of the ASTM-defined VM has
low solubility or is not soluble in acetone, and our conclu-
sions about the effect of VM are restricted to the VM frac-
tion that is extractable by acetone. It is also possible that
the VM in the low-temperature biochars used in this exper-
iment were toxic due to the concentrations present. It has
been hypothesized that the VM in biochar might follow a
hormetic response where the response depends on applica-
tion rates; at low concentrations it may be beneficial and
toxic at high concentrations (Graber et al. 2010). However,
this hypothesis was not directly tested in this experiment.
What is also not known is the biological activity of the VM
remaining in the biochar after the acetone extraction.

Conclusion

Our results clearly demonstrated that biochar has the potential
to significantly improve BNF and bean growth in the studied
highly degraded and P-deficient soil. Mineral nutrient addition
and soil acidity amelioration with biochar are only to a small
extent responsible for the increased responses observed. In-
creased plant P uptake was most closely related to improved
BNF which is most likely a result of the observed increases in
arbuscular mycorrhizal colonization and not related to nutrient
additions with biochar. Further work should be done investi-
gating the mechanisms responsible for greater arbuscular my-
corrhizal colonization. More investigations are also required
to partition the effects of the VM other than the acetone-
extractable fraction from the rest of the components of bio-
char. Biochar VM likely is highly heterogeneous and it is
possible that other components of this material that are not
extractable by acetone might be beneficial or detrimental to
rhizobium. Field trials are also needed to determine the full
potential of amending soil with biochar to BNF and bean
yields.
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