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Biochar holds promise as an amendment for soil quality improvement and sequestration of atmospheric
carbon dioxide. However, knowledge of how biochar influences soil properties, especially soil microor-
ganisms, is limited. Three separate studies were conducted, with two studies using Plantago lanceolata
as the AMF hosting plant, and a third being conducted in the field. Each of the three studies employed
a different soil type. Furthermore, a total of five different biochars, and ten different biochar application
rates, were used across the three experiments. All experiments had the goal to examine biochar influ-
ences on arbuscular mycorrhizal fungal (AMF) abundance in roots and AMF abundance (hyphal lengths)
in soils. AMF abundance was either decreased or remained unchanged across all biochar treatments.
When AMF abundances decreased, significant changes in soil properties, primarily in soil P availability,
were observed. Application of large quantities (2.0% and 4.0%, w/w) of a lodgepole pine biochar, led to
significant declines in AMF abundance in roots of 58% and 73% respectively, but not in soils. These declines
in AMF abundance were accompanied by significant declines (28% and 34%) in soil P availability. After
addition of a peanut shell biochar produced at 360°C, P increased by 101% while AMF root coloniza-
tion and extraradical hyphal lengths deceased by 74% and 95% respectively. Field application of mango
wood biochar at rates of 23.2 and 116.1tCha~"! increased P availabilities by 163% and 208% respectively
and decreased AMF abundances in soils by 43% and 77%. These findings may have implications for soil
management where the goal is to increase the services provided by AMF.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction During biomass pyrolysis, the molecular structure of the biochar

feedstock changes, yielding highly aromatic, and graphitic C con-

Biochars, when incorporated into soils, can improve soil qual-
ity and may also serve as a means to increase sequestration rates
of atmospheric carbon (Lehmann et al., 2006; Lehmann, 2007a).
Biochar is produced by thermally degrading (charring or pyrolyz-
ing) biomass-derived feedstocks under oxygen limited conditions.
Despite the potential usefulness of biochar for soil management
applications, our knowledge of how these materials influence soil
physical, chemical and biotic properties is limited compared to
other soil amendments (Lehmann, 2007b).
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taining biochars (Glaser et al.,, 1998), which are often highly
resistant to microbial decomposition (Preston and Schmidt, 2006).
Due to its complex chemical structure, biochar exhibits a long mean
residence time in soil, estimated between 1,000 to 10,000 years (e.g.
Skjemstad et al., 1998; Swift, 2001; Cheng et al., 2008; Lehmann et
al.,2008; Liang et al., 2008; Kuzyakov et al.,2009; Major et al.,2010).
Given this recalcitrance, biochar is beginning to receive attention
as a potential means for delivering and storing C in soils on a stable
and long-term basis (Lehmann, 2007a,b).

A number of studies indicate that biochar can alter soil physic-
ochemical properties, including pH, cation exchange capacity, and
bulk density (Tyron, 1948; Glaser et al., 2002; Lehmann et al., 2003;
Gundale and DeLuca, 2006; DeLuca et al., 2006). Such alterations
may improve soil quality, e.g. by increasing soil nutrient availability
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(see references above); thereby increasing plant biomass produc-
tion (Lehmann et al., 2003; see review by Blackwell et al., 2009).
Thus, biochar may constitute an important soil management tool in
the context of sustainable agriculture and land reclamation. How-
ever, to fully realize the potential of biochar as a soil amendment,
anincreased understanding of how different biochars influence soil
physical, chemical and biological properties is critical.

Arbuscular mycorrhizal fungi (AMF) are thought to be one of
the most important soil microbial groups in the context of modern
organic agricultural practices (Piotrowski and Rillig, 2008) and land
reclamation (Renker et al., 2004). AMF form symbioses by coloniz-
ing the root tissues of approximately 2/3 of known plant species,
including many important crops (Trappe, 1987). AMF are obligate
biotrophs, which cannot complete their life cycle without receiving
fixed carbon (simple sugars) from their host plant (Smith and Read,
2008). In exchange for these sugars, AMF provide their hosts with
benefits including increased access to immobile nutrients, espe-
cially phosphorus, improved water relations, and greater pathogen
resistance (Newshametal., 1995; Smith and Read, 2008). Therefore,
soil amendments which increase AMF abundance and/or function-
ality could be beneficial to plant hosts and result in improved soil
quality via influences on soil structure (Rillig and Mummey, 2006).

Recent studies indicate that soil biochar amendments can
increase AMF percent root colonization among plants growing in
acidic soils (Ezawa et al., 2002; Matsubara et al., 2002; Yamato et
al., 2006). Although the mechanisms responsible are poorly under-
stood, modulation of soil pH likely plays a role (Warnock et al.,
2007). In soils having near neutral pH, where modulation of soil pH
would be less pronounced, biochar influences on AMF abundances,
e.g. root colonization, are not known.

The physical and chemical properties of biochar are influenced
by both the feedstock (Keech et al., 2005; Gundale and DeLuca,
2006) and the maximum temperature attained during pyroly-
sis (Gundale and DeLuca, 2006; Lehmann, 2007b). In terms of
feedstocks, approximately half of the studies reporting positive
interactions between biochar and AMF also reported using biochars
derived from herbaceous plant materials, most commonly rice
husks (Warnock et al., 2007). Much less is known about how
biochars derived from non-herbaceous materials, such as nutshell
or wood, or how changes in production temperatures, influence
AM fungi. More information is clearly needed about how varia-
tions in biochar characteristics influence soil properties, especially
in non-acidic soils.

Given the increased interest in use of biochar as a soil amend-
ment, we aimed to broaden the information base concerning how
biochar amendments initially influence AMF abundance after appli-
cation. In order to increase the parameter space for which biochar
effects on AMF have already been evaluated, we examined the
effects of different biochar production temperatures, as well as
how varying biochar application rates influence the abilities of AMF
to colonize both plant roots and surrounding soils. Our underly-
ing hypothesis for each study was that plant biomass and AMF
abundances would be significantly affected by treating soils with
biochars, which would modify soil properties such as phosphate
availability.

2. Materials and methods
2.1. Experiment 1: multiple application rates

Soil, including its constituent AMF inoculum, was collected
from a well characterized site on the Nyack floodplain adjacent
to Glacier National Park (48°27'30”N, 113°50'W), formed from
flood deposited sediments laid down nine years prior to collec-
tion. Piotrowski et al. (2008a) had already established that this soil

has high mycorrhizal inoculum potential (MIP), high soil hyphal
abundance, and a low soil organic matter (SOM) content of 0.7%.
Piotrowski et al. (2008a) also established that this soil had the
following properties: pH: 8.1; NO3 (mgNkgsoil-1): 1.8; Olsen
P (mgPkgsoil~1): 2.0. This soil, with its low SOM content, was
selected in an effort to minimize potentially confounding interac-
tions between biochar and SOM. Soil (15 L) was collected (0-20 cm
depth) from multiple locations and pooled after sieving (2 mm
mesh).

Biochar used for this experiment was derived from Pinus con-
torta Douglas ex. Louden (lodgepole pine) wood. Wood chips were
tightly packed into 250 cm® metal canisters and heated in a muf-
fle furnace. The maximum temperature attained during pyrolysis
(600°C) was maintained for one hour. The resulting biochar was
ground through a 1-mm sieve, and subsequently mixed with soil
at the following rates (w/w): 0.0% (control), 0.5%, 1.0%, 2.0%, and
4.0%. Pots (50 mL) were filled with 63 g of each treatment soil mix-
ture. The experiment had a completely randomized design with
five treatment levels (addition rates), each with 10 replicates, for a
total of 50 experimental units (pots).

Plantago lanceolata L. (narrowleaf plantain) served as the AMF
host plant. Each pot was planted with two seedlings and placed in
a growth chamber (21 °C, 50-70% relative humidity, 18 h light, at
324 wmol photons m—2s~1 PAR). After seven days of growth, the
plants were thinned to one individual per pot. Pots were watered
to field capacity daily, with tap water. After 30d of growth, soil
and plant materials were collected and examined as described
below

2.2. Experiment 2: multiple biochar production temperatures

Soil for this experiment was also collected from the Nyack flood-
plain using a similar sampling protocol as Experiment 1. However,
the flood sediments that form this soil were laid down only two
years prior to collection and, in contrast to soil used in Experi-
ment 1, AMF abundance and MIP are known to be relatively low
(Piotrowski et al., 2008b). In addition to characterizing the soil from
experiment 1, Piotrowski et al. (2008a) also established that this
soil exhibited the following properties: % SOM: 0.6; pH: 8.0; NO3
(mgNkgsoil~1): 5.0; Olsen P (mg Pkgsoil~1): 2.7.

Three different biochars, varying only in the maximum tem-
perature attained during pyrolysis, were used in this experiment.
These biochars were commercially produced from peanut shell
pellets (Eprida Inc., Athens, GA, USA) by heating 1kg batches to
360°C, 400°C, or 430°C using a bench scale batch pyrolysis sys-
tem. Charred materials were removed from the pyrolysis reactor
when the temperature had reached the specified maxima and
remained stable for five minutes. The resulting biochar pellets were
ground to homogenize the material, and we used the 0.20-0.71 mm
size fraction for the experiment. Biochar materials were mixed
with soil (10%, v/v) and 100mL of the mixture placed in pots
(Cone-tainers™; 120 ml; Stuewe and Sons, Canby OR, USA). A non-
amended soil served as the control treatment.

Thus, the experiment had a completely randomized design
with four treatment levels (control and three different biochars),
each replicated eight times, for a total of 32 experimental units
(pots). Plant materials, growth conditions, and experimental dura-
tion were the same as for Experiment 1; sampling procedures are
described below.

2.3. Experiment 3: field study in Colombia

Experimental plots, each 20 m2, were established at Matazul
farm in the Eastern Plains of Colombia (N 04°10'15.2", W
07°36'12.9”), aregion of non-flooded savannas that receive an aver-
age of 2200 mm rainfall annually, with 95% falling between April
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and December. Soils of the area (Tropeptic Haplustox) were devel-
oped from alluvial sediments (Rippstein et al., 2001).

Biochar for this experiment was produced from Mangifera indica
L. (Mango) trunks and branches using methods traditional to
Colombia. These materials were stacked, covered with soil and
grass and ignited. After pyrolysis the resulting biochar was uncov-
ered and ground to pass through a 0.9-mm sieve. Biochar was
incorporated into the top 0.15m of the soil by two disk harrow
passes. Biochar application rates of 0, 11.6, 23.2 and 116.1tCha~!
were used to increase soil carbon pools by 0%, 50%, 100% and 500%,
respectively. Biochar was applied to soils in a randomized, com-
plete block design, with three replicates; there were thus a total of
12 experimental units (field plots). After biochar incorporation in
December 2004, native C4 savannah grasses were allowed to re-
colonize the plots. Soil samples (0-5cm depth) were collected in
August 2005 and analyzed as described below.

2.4. Biochar characterization

Biochar chemical characteristics, for all biochar types employed
here, were examined prior to their use as soil amendments. Biochar
pH was estimated from 1:10 slurry (1 g char to 10 mL water or 1N
KCl solution) after shaking three times over one hour, using a Sym-
phony gel electrode (VWR, West Chester PA, USA). Percent total
carbon and nitrogen contained in biochar materials were deter-
mined by combustion on an isotope ratio mass spectrometer (IRMS;
PDZ Hydra 20/20, Sercon Ltd., Cheshire, UK) at the University of Cal-
ifornia Davis Stable Isotope Lab (Davis, California, USA). Soluble P
was extracted from biochar materials using the Mehlich-3 extrac-
tion procedure (Mehlich, 1984) and analyzed using ICP-MS (Dairy
One Labs, Ithaca, New York, USA).

2.5. Soil analysis

Soil pH and plant available P was measured for soils from
all three experiments. Soil pH was measured in deionized water
(Peech, 1965). Sodium bicarbonate extractable P was examined
using an ascorbic acid method as described by Murphy and Riley
(1962).

Soil density was evaluated for correcting biochar dilutions of
AMF in Experiments 1 and 2. For these evaluations, we weighed
5 mL of air-dried soil sample, and recorded soil weights for calcula-
tions of soil sample density. For these measurements, we analyzed
six randomly selected replicates from Experiment 1 and five from
Experiment 2.

2.6. Plant and AMF analyses

Root and shoot tissues were separated by cutting above the top-
most lateral root during harvest. Any soils still adhering to the root
samples were gently washed away with tap water so no soil parti-
cles would remain and thus potently influence later measurements
of root biomass. Root and shoot biomass for Experiments 1 and 2
were subsequently weighed after drying (60°C, 24 h).

Table 1

AMF percent root colonization was examined for Experiments
1 and 2. Root tissues were stained with trypan blue as described
by Brundrett (1994). Mycorrhizal colonization of stained root tis-
sues was then assessed at 200x using a gridline intersect method
(McGonigle et al., 1990) scoring AMF hyphae, vesicles and arbus-
cules. AMF were differentiated from other root colonizing fungi
based on morphological characteristics, including: dark melaniza-
tion, clamp connections, regularly septate hyphae, or frequent
non-dichotomous branching, which are considered traits indicative
of non-AM fungi (Rillig et al., 1999).

Abundance of extraradical AMF hyphae was examined for all
experiments. Hyphae were extracted from soil samples (5cm?)
using an aqueous membrane filtration method (Rillig et al., 1999)
and analyzed using microscopy (200x ). Abundances of AMF hyphae
were determined by measuring AMF hyphal lengths using a grid-
line intersect method as described in Jakobsen et al. (1992). AMF
hyphae were distinguished from hyphae of other soil fungi based
on morphological criteria as above for AMF percent root coloniza-
tion.

Potential biochar influences on extraradical hyphae extraction
efficiencies were examined in soil samples from Experiment 1
amended with 0, 0.5, 1, 2 and 4% lodgepole pine biochar (w/w).
Extraction efficiencies were estimated by re-extraction of typically
discarded fractions from the hyphal extraction process, i.e. remain-
ing soil particles and hyphae passing through the 38 um sieves used
to trap fungal hyphae. Materials passing through the sieve were col-
lected by placing a collection tray beneath. A 2 mL aliquot of this
collected material was used to quantify lengths of any AMF hyphae.
We proceeded in an equivalent fashion with hyphae trapped in the
extracted soil residue: we collected 1.0 g of sediments, suspended
it in 25 mL of water, and then mounted this material, stained and
counted of fungal structures.

Addition of biochars to soil will dilute the amount of AMF inocu-
lum available to infect host plants. Biochar related dilutions of
AMF inocula were accounted for by determining the change in soil
density due to biochar. Dilution correction factors were generated
using the formula, x=1+[1-(density experimental soil x density
control soil=1)]. The resulting correction values were applied to
the AMF root colonization and AMF hyphal abundance estimates of
Experiments 1 and 2. Amounts of AMF infectious propagules and
root colonization rates were assumed to covary linearly, as shown
in previous short-term pot experiments (Moorman and Reeves,
1979; Tarbell and Koske, 2007). Conversely, results of a number of
experiments suggest that for some AMF inoculum sources changing
the concentration of AMF inocula does not significantly alter root
colonization rates in short-term mycorrhizal experiments (Perner
et al.,, 2006; Rowe et al., 2007; Tarbell and Koske, 2007). There-
fore, our ‘dilution’ correction was likely conservative. Because of its
longer duration, we felt such a correction was unwarranted for the
field study, Experiment 3, as secondary colonization events would
have occurred. After employing this correction factor to our AMF
abundance data, the adjusted AMF abundance results suggested
that only the differences between the AMF percent root coloniza-
tion in the 400 °C biochar addition treatment and the percent root
colonization in the no-biochar treatment of Experiment 2 were

Background data for all biochars, with measurement taken prior to biochar incorporation into experimental soils.

Biochar property Mango wood Lodgepole 360 °C Peanut shell 400°C Peanut shell 430°C Peanut shell
pH (H,0) 10.14 7.70 8.35 8.34 8.23

pH (1N KCl) 8.92 8.2 6.72 6.72 6.70

Total C (%) 71.7 67.8 60.0 65.7 64.7

Total N (%) 0.30 0.13 1.75 1.42 1.65

Soluble P (mgP/g biochar)? 0.26 0.02 0.39 0.30 0.42

2 Previous experiments show that soluble P estimates from the Mehlich-3 extraction procedure correlate well with those estimates from either Olsen P, or Bray P1 tests
for soluble P respectively, in either basic or acidic soils (Schmisek et al., 1998; Ebeling et al., 2008).
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Table 2
Effects of 600 °C lodgepole biochar addition rates on soil pH, P availability, plant biomass and AMF. Numbers in parentheses represent standard error of the mean; numbers
in brackets represent the biochar correction factor applied to the AMF response data from each biochar addition treatment.

Proportion of biochar Soil pH? Soil density Soil P availability Plant biomass (mg) Root colonization by AMF hyphal lengths
in soil (% by weight of (gcm? soil!) (mgPkgsoil1)2 AMF (%)P (m hyphae/cm? soil )*-®
soil)

0.0 (control) 7.87(0.001)a 1.35(0.017)a 3.43(0.032)a 16.2 (1.70) 80.9 (4.08)ab {1.00} 16.7 (0.071)a {1.00}
0.5 7.72 (0.003)b 1.39(0.021)a 3.26 (0.022)ab 15.4(1.20) 83.2(2.11)ab {0.97} 19.9 (0.090)a {0.97}
1.0 7.84(0.001)ab  1.40(0.013)a 2.34(0.037)bc 18.4(1.70) 92.3 (3.24)a {0.96} 12.6 (0.070)ab {0.96}
2.0 7.76(0.003)ab  1.28 (0.015)b 2.46 (0.036)abc 16.0 (1.20) 77.3 (3.20)b {1.05} 7.09 (0.057)b {1.05}
4.0 7.83 (0.001)ab 1.12(0.006)c 2.28 (0.054)c 14.0 (0.700) 70.8(3.17)b {1.17} 4.50(0.084)b {1.17}

F ratio 3.43 68.0 5.65 130 5.68 14.9

Pvalue 0.024 <0.001 0.002 0.300 0.001 <0.001

Values within a column followed by different letters are significantly different at P<0.05. Column values followed by no letters are not significantly different at P<0.05.
3 Data from soil pH, soil orthophosphate availability, and AMF hyphal abundance were Logo transformed prior to ANOVA calculations.
b AMF abundance results were adjusted to account for soil and/or AMF inoculum dilutions (see Section 2).

Table 3
Effects of peanut shell biochar generation temperature on soil pH, Olsen P availability, plant biomass and AMF. Numbers in parentheses represent standard error of the mean;
numbers in brackets represent the biochar correction factor applied to the AMF abundance data from each biochar addition treatment.

Biochar Soil pH? Soil density Olsen phosphate availability Plant biomass Root colonization AMF hyphal lengths
generation (gcm3 soil~1) (mgPkgsoil-1)P (mg) by AMF (%)° (m hyphae/cm? soil )¢
temperature
Control (no 7.90(0.131) 1.45 (0.042) 4.19(0.036)a 22.9 (2.56)a 15.9 (4.74)a {1.00} 2.12
biochar added) (0.198)a
{1.00}
360°C 7.97(0.018) 1.40 8.44 244 4.18 0.124
(0.014) (0.026)b (1.48)a (1.95)b (0.225)b
{1.03} {1.03}
400°C 7.90(0.070) 141 11.6 22.8 5.03 0.904
(0.017) (0.065)b (2.41)a (1.49)b (0.139)a
{1.03} {1.03}
430°C 7.86(0.322) 1.40 8.74 335 5.61 1.33
(0.024) (.078)b (2.44)b (1.49)ab (0.120)a
{1.03} {1.03}
F ratio 3.61 0.618 10.7 3.83 4.11 5.58
Pvalue 0.310 0.613 0.002 0.020 0.020 0.006

Values within a column followed by different letters are significantly different at P<0.05. Column values followed by no letters are not significantly different at P<0.05.
2 For soil pH analyses, we performed a Kruskal-Wallis one-way ANOVA to determine statistical significance of biochar effects on soil pH.
b Data from soil orthophosphate were Log;o transformed prior to ANOVA calculations.
¢ AMF abundance results were adjusted to account for soil and/or AMF inoculum dilutions (see Section 2).

significantly influenced by the correction factors (Table 1). AMF
dilution correction factors for Experiments 1 and 2 are included
in Tables 2 and 3, respectively.

2.7. Statistical analyses
When the data fulfilled the assumptions of normality, a one-way

ANOVA was used in Experiments 1 and 2 to compare the effects of
biochars on AMF root colonization, plant growth, as well as both soil

Table 4

parameters. ANOVA tests were followed by Tukey-Kramer multi-
ple comparisons analyses using JMP statistical software (Version 6.
SAS Institute Inc., Cary, NC, 1989-2005). When normality assump-
tions of ANOVA were not met, a Kruskal-Wallis one-way ANOVA,
a non-parametric ranking procedure, was performed using NCSS
statistical software (NCSS, Kaysville, UT, USA). A one-way random-
ized block ANOVA was performed to analyze all data generated in
Experiment 3 using CoStat statistical software (ver 6.311; CoHort
Software, Monterey, CA, USA). Data points more than two stan-

Effects of mango wood biochar addition rates on soil pH, P availability, AMF; numbers in parentheses are equal to one standard error of the mean.

Biochar addition rate Soil pH Soil density Soil carbon Soil P availability Plant biomass® AMF hyphal abundance
(Tons biochar-Cha~1) (gem? soil 1) (mgCgsoil1) (mgPkgsoil 1) (tdry matterha—') (m hyphae/cm? soil )
0 5.60 1.29 6.47 6.43 1.64 19.2
(0.100)c (0.06)a (0.767)b (0.700)c (0.218) (191)a
11.6 5.72 1.09 11.9 7.72 Data not available 17.6
(0.083)c (0.07)a (0.973)b (1.00)bc (1.87)a
232 6.08 1.13 15.2 10.5 4.74 109
(0.044)b (0.11)a (2.45)b (0.263)ab (0.505) (2.56)b
1161 6.91 0.69 59.6 134 Data not available 445
(0.085)a (0.01)b (6.23)a (0.736)a (0.687)c
F ratio 55.7 13.1 51.7 18.3 32.0 8.40
Pvalue <0.001 0.002 <0.001 <0(.001) <(0.01) 0.014

Values within a column followed by different letters are significantly different at P<0.05. Column values followed by no letters are not significantly different at P<0.05.
2 AMF hyphal abundance results were not adjusted to account for biochar additions in these treatments.

b Plant biomass results first presented in Major et al. (2010).
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dard deviations away from the mean were considered outliers and
omitted from all statistical analyses.

3. Results
3.1. Chemical properties of biochars

Biochars produced from peanut shells were found to contain
substantially greater soluble P than biochar produced from lodge-
pole pine (Table 1). Peanut shell biochar also contained greater
percent total N. All biochars examined exhibited basic pH (>7.7),
with the mango biochar pH (measured in H,0) being at least 1.7
units greater than the other biochars (Table 1).

3.2. Soil density and hyphal extraction efficiencies

Both of the greater lodgepole biochar addition rates, 2.0% (w/w)
and 4.0% (w/w) employed in Experiment 1 significantly affected
soil densities (Table 2). Treating the nine year old soils with
the peanut shell biochars did not significantly affect soil den-
sities in Experiment 2 (Table 3). Lastly, as with Experiment 1,
results from Experiment 3 indicate that large additions of biochar
significantly decreased soil density (Table 4). Respective hyphal
extraction efficiencies were estimated at 92.5, 96.1, 94.0, 96, and
98.3%, for the 0, 0.5, 1, 2, and 4% lodgepole pine biochar addition
treatments. Differences between treatments were not significant
(F=1.00, P=0.435).

3.3. Experiment 1: multiple addition rates

Plant biomass production was not significantly affected by any
of the five biochar addition treatments (Table 2). Both 2.0% and 4.0%
biochar addition treatments resulted in significantly reduced AMF
hyphal lengths and root colonization compared to non-amended
soils, while lower application rates did not result in a significant
change (Table 2). Soil P availability was significantly lower for 1.0%
and 4.0% biochar addition treatments (Table 2).

3.4. Experiment 2: multiple biochar generation temperatures

Plant biomass production was significantly greater in the 430°C
biochar treatment than in all other treatments (Table 3). AMF root
colonization was found to be significantly lower for the 360 °C and
400°C biochar treatments compared to the control (Table 3). AMF
extraradical hyphal lengths were found to be significantly lower
in soils of the 360°C biochar treatment than in all other treat-
ments (Table 3). While soil pH was not significantly influenced by
any of the peanut shell biochars, all significantly increased soil P
availability (Table 3).

3.5. Experiment 3: colombian field experiment

Treatments in which biochar was incorporated into soils at
higher rates (23.2t and 116.1 tbiochar-Cha~1!) exhibited signifi-
cantly decreased AMF hyphal abundance (Table 4). In contrast,
application of both 23.2 tand 116.1 t biochar-C ha~! resulted in sig-
nificantly increased soil P availability (Table 4) and in the case of the
23.2 tbiochar-Cha~! addition treatment, plant biomass production
was increased by 189% (Major et al., 2010). Furthermore, grasses,
forbs and legumes in the 23.2 t biochar-Cha~! amended plots pro-
duced 93, 292 and 1916% more biomass than in the 0 t biochar-C
control plots, respectively (Major et al., 2010). Additionally, soil pH
was found to increase significantly in soils treated with increasingly
larger quantities of biochar (Table 4). Lastly, regression analysis
indicates a strong, linear relationship between a decrease in AMF
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Fig. 1. The relationship between Olsen extractable P available in soils and the abun-
dance of AMF hyphae, measured as hyphal lengths (m), in biochar treated soils from
experiment 3.

hyphal abundances in soils and greater phosphate availabilities in
soils treated with biochar (Fig. 1).

4. Discussion

All three of our experiments, encompassing a range of biochars
and soils, indicate neutral to decreased AMF abundance with
biochar additions as measured by percent root colonization
and/or extraradical hyphal lengths (Tables 2-4). In multiple cases,
decreases in AMF abundances were accompanied by changes in
soil properties, including both decreases (Table 2) and increases
(Tables 3 and 4) in soil P availability, as well as changes in soil pH
(Table 4). Moreover, these are the first results to show significant
reductions in AMF hyphal abundances after biochar application
to soils. Lastly, the AMF-hosting plant P. lanceolata showed sig-
nificantly increased biomass production in response to biochar
additions in only a single treatment (Table 3). However, the under-
lying mechanisms behind these observations remain unclear.

Some longer-duration studies, where biochar aging processes
(weathering) within soil environments likely occurred (Chengetal.,
2006, 2008; Lehmann, 2007b), have reported increased AMF abun-
dance in response to biochar additions to soils in Japan (Matsubara
etal., 2002; Yamato et al., 2006). In these studies, soil pH increased
after biochar addition to soils, suggesting that pH modulation may,
in part, be a mechanism influencing AMF abundance (Matsubara et
al.,, 2002; Yamato et al., 2006). In the present study, only the pH of
the Colombian field soil (Experiment 3) was significantly influenced
by biochar additions (Table 4). However, in contrast to what was
observed for the soils in Japan, AMF abundance decreased in this soil
with increased biochar application rates and soil pH. This suggests
that other mechanisms besides pH modulation are responsible for
altered AMF abundance in this soil.

Phosphate is central to interactions between plants and AMF
(Smith and Read, 2008). Multiple sources suggest that either low
(Allen et al., 2003; Drew et al., 2006) or high (Corbin et al., 2003;
Covacevich et al., 2006; Gryndler et al., 2006) soil P availabilities
can adversely affect AMF abundance in roots and soils. Results
from Experiment 1, which used lodgepole pine biochar gener-
ated at high temperature and containing relatively low amounts
of soluble P (Table 1), indicate decreased soil P availability in the
presence of biochar (Table 2). In a recent review from Lehmann
(2007a), results are reported from an experiment also featuring a
wood based, lab generated biochar. This study provides evidence
that these particular biochar particles likely had the capacity to
adsorb measurable quantities of phosphate ions from a soil-free
solution. However, results from experiments with treatments com-
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bining both biochars and soils, showing a similar trend, are not
currently available within the literature. Another possibility, sug-
gested by Kuzyakov et al. (2009), is that biochar sorption of labile
organic C could serve as a mechanism for decreased SOM decom-
position. Although we have no data regarding OM mineralization
in the present study, decreased OM mineralization, and concurrent
P mineralization, could result in decreased P availability.

In contrast, all three peanut shell biochars and the mango-wood
biochar contained greater soluble P than biochar derived from
lodgepole pine (Table 1). This adds to results of other studies indi-
cating that biochars can contain available P (Topoliantz et al., 2005;
Gundale and DeLuca, 2006; Yamato et al., 2006), which may be
desorbed into the soil solution. Although not constituting direct
evidence for P desorption from biochar, results from Experiments
2 and 3 indicate significantly increased P availability after addition
of peanut shell and mango-wood biochars (Tables 3 and 4).

Biochar applications can alter soil P availability via modulation
of soil pH (Tyron, 1948; Matsubara et al., 2002; Glaser et al., 2002).
Our results show that soil alterations of pH due to biochar appli-
cation were minimal for Experiments 1 and 2 (Tables 3 and 4), but
significant for Experiment 3 (Table 4). However, the addition of
a biochar with a high pH of 8 (in water) as in Experiment 1 to
a soil that already has a high pH of 8, could have induced lower
P availability without a measurable change in total soil pH, e.g.,
through inducing decreases in P mineralization rates. In addition
to any direct effects of adding P with the biochar, it seems plausible
that large applications, e.g., 23.2 t and 116.1 t biochar-C, of high pH
mango-wood biochar (Table 1), contributed to the increased soil P
by increasing soil pH levels (Table 4). The relationship of cause and
effect for these observations is not clear, but could involve a lower
reliance of plants on AMF for resource acquisition. With greater P
availability and improved soil pH, plants may not rely to the same
extent on their AMF associates (Smith and Read, 2008).

Another explanation may be that biochars can contain organic
pyrolytic byproducts, including phenolics and polyphenolics,
which may be inhibitory to soil organisms, including AMF. Gener-
ated from the condensates of cellulose, tannins, and lignin polymers
originally contained in the feedstock materials prior to char-
ring (Antal and Grenli, 2003; Gundale and DeLuca, 2006), these
substances are most typically associated with low temperature
pyrolysis which serves to limit volatilization. These biochar prop-
erties and, hence, how biochars influence AMF abundance may
change with biochar production process conditions and equilibra-
tion, i.e. weathering, in the soil environment (Cheng et al., 2006,
2008; Lehmann, 2007b). Phenolics would be expected to be rela-
tively labile in the soil environment, especially in relation to other
biochar constituents, and the potential for microbial inhibition
may therefore be transient. Although data pertaining to potential
inhibitory substances associated with biochars used in our experi-
ments are not available, biochars generated at lower temperatures
resulted in the greatest decreases in both intra- and extraradical
AMF abundance (Table 3).

Although further work is needed to elucidate longer-term
biochar influences on AMF, i.e., in experiments where biochars
are given more time to equilibrate with surrounding soils, our
results are at least relevant to annual production systems and
the initial stages of land restoration or reclamation in the first
few months after biochar application. With further optimization,
biochar applications to soils could ultimately increase both AMF
abundances (Matsubara et al., 2002; Yamato et al., 2006) and crop
yields (Lehmann et al., 2006). Lastly, our results illustrate that
biochar properties/effects can differ with feedstock identities and
temperatures reached during pyrolysis.

In conclusion, our results show the potential for some biochars
to significantly decrease AMF abundance. The functional relation-
ship between biochar application, improved soil fertility and AMF

abundance and colonization is not clear. However, it is clear from
our study that a wide parameter space (feedstock properties, pro-
duction conditions, and technically feasible application rates) is
necessary to cover potential effects on AM fungi.
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