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Abstract Soil microbial biomass, activity, and community
composition were studied 1 and 2 years after biochar, phos-
phorus (P), and biochar+P additions to the soil of a north
temperate, mixed-deciduous, P-limited forest in Central
Ontario, Canada. Biochar was pyrolyzed on site from
sugar maple and white spruce sawdust at ca. 400 °C,
and P was added as triple superphosphate. Biochar ad-
ditions of 5 t ha™' (approximately 0.4 to 1 kg P ha ')
had minor effects on bacterial and fungal community
composition, fungi/bacteria ratios, microbial biomass,
and microbial C mineralization, with significant changes
only being detected in the organic layer for additions of
maple biochar. In contrast, additions of 200 kg P ha™'
did alter soil chemical properties and reduced both mi-
crobial biomass and fungi/bacteria ratios. We conclude
that biochar addition at 5 t ha ' is neither beneficial nor
toxic to the soil microbes in a northern hardwood forest
on acidic soils, suggesting that biochar amendments can
be used to sequester C without adversely affecting the
soil microbial community.
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Introduction

“Biochar,” or pyrolyzed biomass intended as a soil amend-
ment, has received considerable recent attention as a means
of enhancing C sequestration while improving productivity in
managed ecosystems (Sohi et al. 2010; Lehmann et al. 2011).
The effectiveness of biochar as a soil amendment is determined
by its effect on the physical, chemical, and biological proper-
ties of the soil. These soil effects depend on several key fea-
tures of the biochar particles, including surface area, pore-size
distribution, water-holding capacity, and nutrient content,
which in turn depend on the initial feedstock and the pyrolysis
temperature (Lehmann et al. 2006; DeLuca et al. 2009; Singh
et al. 2010; Mukherjee and Lal 2013; Ameloot et al. 2013).
Microbial responses to biochar depend strongly on soil
type, vegetation, and other ecosystem attributes, as well as
the properties of the biochar being added, making it difficult
to synthesize disparate responses to biochar addition
(Lehmann et al. 2011) and highlighting the need for studies
that can characterize the microbial response to biochar with a
variety of feedstocks, pyrolysis temperatures, soils, and cli-
matic controls (Ameloot et al. 2013). To date, the majority
of biochar-addition field studies have been conducted in trop-
ical regions or on agricultural soils, which are not easily com-
parable to the temperate forests of Central Ontario or beyond.
Tolerant hardwood forests on granitic parent material in Cen-
tral Ontario commonly have moderately to highly acidic soils,
requiring soil amendments to increase productivity. The most
widely applied soil amendment in forests of this type is lime,
which releases C to the atmosphere by chemical dissolution
(West and McBride 2005), whereas biochar may instead
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sequester C. Fire suppression over the last century has reduced
natural inputs of char to these forest ecosystems, but biochar
may also emulate this natural disturbance (Wardle et al. 1998;
DeLuca et al. 2006; Thomas 2013). In addition, recent studies
indicate phosphorus (P) limitation of tree growth in this re-
gion, possibly as a response to high, persistent N deposition
(Gradowski and Thomas 2006, 2008; Casson et al. 2012).
Biochar can increase soil P availability, both by acting
as a source and by reducing losses of P and other cat-
ions from the system (Sohi et al. 2010; Lehmann et al.
2011; Mukherjee and Lal 2013; Ameloot et al. 2013;
Farrell et al. 2014). The effectiveness of biochar as a
soil amendment is determined by its effects on the
physical, chemical, and biological properties of the soil.
These soil effects depend on several key features of the
biochar particles, including surface area, pore-size distri-
bution, water-holding capacity, and nutrient content,
which in turn depend on the initial feedstock and the
pyrolysis temperature (Lehmann et al. 2006; DeLuca
et al. 2009; Singh et al. 2010; Mukherjee and Lal
2013; Ameloot et al. 2013).

While a few long-term (>12 months) field studies examin-
ing the effect of biochar on microbial biomass and growth
rates, activity, and composition (Jones et al. 2012; Quilliam
etal. 2012; Rousk et al. 2013; Domene et al. 2014) are begin-
ning to emerge, none of them have been conducted in forested
ecosystems. This study focuses on the effects of hardwood-
and softwood-derived biochar and P addition on soil microbial
community composition and functioning 1 and 2 years after
addition in a temperate hardwood forest in Central Ontario.
We build upon the work of Sackett et al. (2014), who charac-
terized soil properties at this site up to 12 months after biochar
addition and found that biochar increased availability of
limiting plant nutrients. In addition, Mitchell et al. (2015)
documented changes in soil microbial flora in a 24-week in-
cubation experiment of these soils, most notably finding an
increase in the ratio of bacteria to fungi and a decrease in the
ratio of Gram-negative to Gram-positive bacteria with biochar
addition. The field results presented here span 2 years post-
addition, when we expected that surface-applied biochar
would have pronounced effects on soil properties and, conse-
quently, the biomass, activity, and composition of the soil
microbial community. We hypothesized that, within the first
few years after surface application, biochar would induce
changes in soil chemistry that would in turn increase microbial
biomass and activity and alter the composition of the soil
microbial community, particularly by increasing the relative
abundance and diversity of bacteria compared to fungi. We
expected this shift in community composition to be mediated
by pH increases and increased nutrient availability, both be-
cause fungi generally have lower biomass nutrient concentra-
tions and internal pH and because mycorrhizal associations
are favored in nutrient-limited soils.
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Materials and methods
Site description and experimental design

Haliburton Forest and Wildlife Reserve is a 35,000-ha, pri-
vately owned forest in the Great Lakes—St. Lawrence region
of Central Ontario, Canada (45.29° N, —78.64° W). The forest
is situated on the Laurentian Shield and characterized by shal-
low sandy or sandy-loam dystric brunisols and humo-ferric
podzols, with pH ranging from ca. 3.6 to 5.7 (Peng and Thom-
as 2006). The forest is classified as a tolerant hardwood forest;
canopy dominant trees include sugar maple (Acer
saccharum), American beech (Fagus grandifolia), and yellow
birch (Betula alleghaniensis). Prior work has demonstrated P
and/or Ca limitation of sugar maple at the site (Gradowski and
Thomas 2006, 2008). The forest is managed by selection sil-
viculture, which maintains uneven-aged stands. The experi-
mental site was last logged during the winter of 2010 to 2011,
with minimal forest floor impact.

A two-factor mixed design was applied to thirty 3x3-m
plots in September 2011, just before leaf fall, with treatments
allocated to ensure spatial interspersion and representation of a
range of understory vegetation cover within each treatment
(Sackett et al. 2014). Biochar treatments included controls
(no biochar addition), 5 dry t ha ' of maple biochar, or
5 dry t ha ' of spruce biochar. The maple biochar treatment
added 0.985 kg P ha ', and the spruce biochar treatment added
0.375 kg P ha ' In addition, plots were either left unfertilized
or fertilized with triplesuperphosphate (Manchester Products,
Canada) at 200 kg P ha ', All biochar was synthesized from
sawdust using an 80-L batch pyrolizer at Haliburton Forest,
and maximum pyrolysis temperatures ranged from 350 to
450 °C. Biochar properties are listed in Table 1, and the ana-
lytical protocols are described by Sackett et al. (2014). The
two biochars represent two predominant sources of feedstock
regionally and also have varying amounts of extractable H"
and mineral nutrients, with maple biochar supplying twice as
much Ca and P as the spruce biochar.

Soil collection and chemical analyses

Soil cores were collected in September 2012 and September
2013, 1 and 2 years after biochar addition, respectively. In
2012, three 5-cm-diameter soil cores of the top 5 cm of the
mineral soil were collected from each plot. No organic mate-
rial was included in these soil samples. In 2013, five 7-cm-
diameter soil cores were collected from each plot and divided
into the organic layer and the top 10 cm of the mineral soil. All
soil cores were pooled per plot and frozen until analysis. Soil
pH was measured in filtered extracts of 40 mL 0.5 M
K,S04:10 g soil. Soil moisture was determined gravimetrical-
ly. A subset of 2012 data (soil chemistry, microbial respira-
tion, and microbial biomass) were already presented by



Biol Fertil Soils (2015) 51:649-659

651

Table 1 Properties of

experimental biochar Maple Spruce
(Sackett et al. 2014)
pH (H20) 7.7 (0.5) 6.5
% Carbon 77.3 (3.0) 77.9
% Nitrogen 0.1 (0.01) 0.01
% Sulfur 0.02 (0.00) 0.01
Ca (mg/kg) 6015 (944) 2419
K (mg/kg) 3443 (105) 1243
Mg (mg/kg) 619 (6) 285
P (mg/kg) 197 (16) 75

Maple values are mean (SD) for separate
analyses of three batches used in pooled
biochar. Spruce values are from single
analysis of pooled biochar from multiple
batches

Sackett et al. (2014), and thus only new data from 2013 are
included here for these variables.

Microbial biomass and activity measurements

Microbial biomass C (MB-C) and N (MB-N) were determined
using a modified chloroform (CHCl;) fumigation-extraction
method (Vance et al. 1987). Briefly, 10-g subsamples from
each plot were fumigated with CHCIj; stabilized with amylene
in a vacuum desiccator. The fumigated samples and a replicate
set of 10-g non-fumigated samples were each extracted with
40 mL 0.5 M K,SOy, filtered, and frozen until analysis. The
dissolved organic C (DOC) and N (DON) concentrations of
the extracts were measured on a TOC/TN analyzer (TOC-
Vs with TNM-1, Shimadzu Corp., Japan). MB-C and
MB-N were calculated as the difference in DOC and DON
between the fumigated and non-fumigated samples without
including an extraction efficiency constant.

Microbial respiration was measured in laboratory incuba-
tions. Subsamples (3 g wet weight) from each soil core were
sealed in 30-mL serum vials and incubated at 20 °C for 24 h.
One milliliter headspace samples were collected at 0, 4, 8, and
24 h, and CO, concentrations were measured using an infrared
gas analyzer (S151, Qubit Systems, Canada) calibrated with a
commercial CO, standard. Respiration was calculated as the
linear increase in headspace CO, concentration over time and
expressed per gram dry weight of soil. Nonlinear regressions
(determined as data falling outside the 95 % confidence level)
were discarded from the dataset.

DNA extraction, PCR, and T-RFLP analysis

DNA of the soil microbial community was extracted using
PowerSoil DNA Isolation kits (MO BIO Laboratories, Inc.,
USA) following the manufacturer’s instructions. To minimize
extraction bias, soil samples were extracted in triplicate and

DNA was pooled prior to analysis. Bacterial 16S ribosomal
RNA (rRNA) genes were amplified using fluorescently la-
beled forward primer Eu27f (5'-[6FAM] AGA GTT TGA
TCM TGG CTC AG-3') and reverse primer Eul492r (5'-
ACG GYTACC TTG TTA CGA CTT-3'). Fungal 18S rRNA
genes were amplified using forward primer Fu817f (5-TTA
GCA TGG AAT AAT RRA ATA GGA-3') and fluorescently
labeled reverse primer Ful536r (5'-[6FAM] ATT GCA ATG
CYC TAT CCC CA-3’). PCR amplification was conducted
using either a Primus 96+ Thermocycler (MWG Biotech, Ger-
many) or a PTC-100 Programmable Thermal Controller (MJ
Research, Inc., Canada), both with a program of 94 °C for
5 min, 30 cycles of 94 °C for 1 min, annealing component,
and 72 °C for 2 min, followed by a 10-min extension at 72 °C.
The annealing component was 1.5 min at 53 °C for the fungal
primers and 1 min at 50 °C for the bacterial primers. PCR
reactions for 2012 samples consisted of 2.5 puL. 10x buffer,
4 uL MgCl, 0.5 puLL dNTPs, 0.5 pL of each primer, 15.875 uL
sterile water, and 1 pL of sample DNA. PCR reactions for
2013 samples consisted of 10 pL. HotStarTaq Plus Master
Mix (Qiagen, USA), 1 uL of each primer, 7 pL sterile water,
and 1 pL of sample DNA. The PCR products from both sets
were purified using GenElute PCR clean-up kits (Sigma-Al-
drich, USA).

For terminal-restriction fragment length polymorphism (T-
RFLP) analysis, 100 ng of purified DNA were digested with
10 U of restriction enzymes and 2 pL of buffer in 20-uL
reactions at 37 °C for 3 h; 10 U Mspl was used for bacteria,
and 5 U each of Alul and Mbol were used for fungi (New
England BioLabs, USA). Terminal restriction fragments were
measured relative to commercial standard fragments of known
size (ROX 1000) at the University of Guelph Laboratory Ser-
vices center (ON, Canada). Initial data filtering was performed
according to Abdo et al. (2006). T-RF sizes were then rounded
to the nearest integer and combined if their size was the same.
Proportional abundances of each T-RF, within a given sample,
were used for analysis. T-RFLP data for both years are pre-
sented here.

Quantitative PCR analysis

Relative abundances of fungi and bacteria in each soil sample
were quantified using a modification of the technique de-
scribed by Fierer et al. (2005). Quantitative PCR (qPCR) anal-
ysis was conducted using a 7300 Real-Time PCR System
(Applied Biosystems, USA) with a program of 50 °C for
10 min, 95 °C for 15 min, 40 cycles of 95 °C for 1 min, and
53 °C for 30 s, followed by melting curve analysis. gPCR
reactions consisted of 10 uL. KAPA SYBR® FAST qPCR
Master Mix (Kapa Biosystems, USA), 0.5 uL each of forward
and reverse primers, 7 uL sterile water, and 15 ng soil com-
munity DNA. Bacterial 16S rRNA genes were amplified with
Eub338 (5'-ACT CCT ACG GGA GGC AGC AG-3’) and
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Eub518 (5'-ATT ACC GCG GCT GCT GG-3'), and the fungal
internal transcribed spacer (ITS) region was amplified with
ITS1f (5-TCC GTA GGT GAA CCT GCG G-3') and 5.8 s
(5'-CGC TGC GTT CTT CAT CG-3') (Fierer et al. 2005).
Each 96-well plate also contained reactions with ten-fold se-
rial dilutions of pure bacterial and fungal DNA to verify the
linearity of the relationship between threshold cycle (Ct) and
DNA concentration. Sample Ct values were divided by the
mean slope of the standard curves across all runs, to ensure
that increases in fungal and bacterial abundance were weight-
ed equally. Each sample was run twice, and the mean Ct value
was used for analysis. The fungi/bacteria ratio was determined
as the ratio of the adjusted ITS Ct to the adjusted 16S Ct.
Ratios from both years were included in the analysis.

Statistical data analysis

R Project for Statistical Computing version 2.15.1 (R Core
Team 2012) was used for all statistical analysis. Grubbs’ test
(function grubbs.test in package {outliers}; Komsta 2011)
was used to identify outliers at «=0.005, which were then
removed from the dataset. No outliers were identified in the
2012 dataset. Four outliers were removed for 2013 (one mois-
ture datapoint, one respiration datapoint, and two organic C
datapoints), which is <1 % of the dataset. Multivariate analy-
sis of variance (MANOVA; function manova) was conducted
to determine the effects of soil layer, biochar feedstock, and P
addition on 2013 soil pH, moisture, and organic C and N
contents and the effects of soil layer, feedstock, P addition,
pH, and moisture on 2013 microbial respiration, MB-C, MB-
N, and the fungi/bacteria ratio. Due to the strong effect of soil
layer in both analyses (soil properties Fg 4;=85.9, p<0.001;
microbial properties F446=062.3, p<0.001), the MANOVAs
were repeated for each layer individually. Post hoc analysis
was conducted using univariate ANOVAs (function aov). T
tests (function t.test) between means of soil and microbial
properties were used to compare the effects of specific amend-
ments (P, biochar, and biochar+P) relative to the control (no
biochar, no P) plots in both years. T-RF data were square-root
transformed to minimize the impact of dominant OTUs
(Legendre and Legendre 1998). Community composition was
analyzed with constrained correspondence analysis (CCA;
function cca in package {vegan}; Oksanen et al. 2013) using
Bray-Curtis dissimilarity, so that co-absences of a T-RF would
not count as a similarity between two samples. Ordinations
were constrained by biochar and phosphorus treatment. Differ-
ences in community composition between soil layers and treat-
ments were evaluated using nonparametric multi-response per-
mutation procedures (MRPP) with 5000 permutations per test.
To assess the role of environmental factors, scores along the
first two CCA axes for each plot were compared to vegetation
cover, soil pH, soil moisture, soil OC, and soil ON using
Pearson’s correlation coefficient.
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Results
Soil characteristics

There was generally no strong effect of biochar addition on
soil characteristics (Table 2), and none of the biochar treat-
ments significantly altered soil pH, organic C content, or or-
ganic N content, compared to the control plots, 2 years after
addition (Fig. 1). However, soil moisture was significantly
lower in the organic layer of the maple biochar plots compared
to the control plots (p=0.038; Fig. 1b). There was also an
overall effect of P addition in the organic layer (Table 2),
which can be attributed to P fertilization significantly raising
soil pH (£4,,=8.19, p<0.001; Fig. 1a). In contrast, chemical
properties of the mineral soil layer were not affected by P
addition (Table 2). The organic layer was also significantly
more acidic (F; 5;=115.7, p<0.001), drier (', 5;=659.0,
p<0.001), and contained more organic C (F; 5;=181.1,
p<0.001) and organic N (' 5;,=242.3, p<0.001) than the
mineral soil layer.

Microbial biomass, activity, and fungi/bacteria ratio

There was no significant effect of biochar addition on MB-C,
MB-N, microbial activity, or the fungi/bacteria ratio in either
soil layer in 2013 (Table 3). In the organic layer, only pH had a
significant overall effect (Table 3), which was caused by a
strong effect of soil pH on the fungi/bacteria ratio (F; o=
5.07, p=0.035). However, the addition of maple biochar, both
by itself and in conjunction with P, significantly lowered rates
of microbial respiration in the organic layer (maple: p=0.041;
maple+P: p=0.030; Fig. le). There was no effect of maple
biochar on microbial respiration in the mineral soil layer, but
pH did have a significant effect (/' ,,=6.40, p=0.019).

P addition did not have an overall microbial effect in the
organic layer (Table 3), though MB-C was significantly lower
in plots with added P (F; ,,=5.92, p=0.024; Fig. 1f). There
was a significant overall effect in the mineral soil layer
(Table 3), due to lower MB-C (F,,=19.9, p<0.001) and
MB-N (F2,=23.6, p<0.001) after P addition. In particular,
both P and maple+P treatments significantly reduced MB-N
(P: p=0.034; maple+P: p=0.035; Fig. 1g). In 2013, fungi/
bacteria ratios were significantly lower in the organic layer
of the P and maple treatments compared to the controls (P:
p=0.012, maple: p=0.032; Fig. 2). There were no significant
treatment effects in the mineral soil layer in either year (data
not shown).

The 2013 organic and mineral soil layers were also signif-
icantly different from each other in every microbial analysis
(Fig 1). The organic layer had higher rates of microbial respi-
ration (F 490=192.8, p<0.001), higher MB-C (F; 49=68.8 ,
p<0.001) and MB-N (F} 49=146.8, p<0.001), and a lower
fungi/bacteria ratio (F; 49=18.2 , p<0.001).
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Table 2 MANOVA results for variables affecting soil pH, moisture,
organic C, and organic N in 2013

Table 3 MANOVA results for variables affecting microbial biomass,
respiration, and fungi/bacteria ratio in 2013

Pillai’s trace F p Pillai’s trace F p
Organic Organic
Biochar feedstock 0.426 1.49 0.189 Biochar feedstock 0.342 1.03 0.428
Phosphorus addition 0.586 7.43 <0.001 Phosphorus addition 0.299 2.03 0.131
Mineral Soil pH 0.452 3.92 0.017
Biochar feedstock 0.175 0.527 0.830 Soil moisture 0.177 1.02 0422
Phosphorus addition 0.087 0.501 0.736 Mineral
Biochar feedstock 0.243 0.693 0.695
Bold text indicators significant factors (p<0.05) Phosphorus addition 0.541 5.59 0.004
Microbial community composition Soil pH 0.322 2.25 0.101
Soil moisture 0.079 0.409 0.800

In 2012, biochar type had a marginally significant effect on
the overall microbial community composition (p=0.093) as
well as the fungal community composition (p=0.064;
Fig. 3d) but no effect on the bacterial community (Fig. 3a).
There was also no effect of P addition on microbial commu-
nity composition (Fig. 3a, d).

In 2013, there were no significant treatment effects on com-
munity composition across the entire dataset, but there were
strong differences in microbial community composition be-
tween the organic and mineral soil layers (p<0.001). When
the soils were examined separately, there were still no biochar
or P treatment effects in the organic layer (Fig. 3b, ¢), but there
was a significant effect of biochar type on overall community
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composition in the mineral soil (p=0.049). This was driven by
a significant effect of biochar addition on fungal community
composition (p=0.046; Fig. 3f) and a marginally significant
effect of biochar type on bacterial community composition
(p=0.051; Fig. 3c). Biochar type effects were not significant
for the fungal community. Phosphorus addition had no effect
on the community composition in the mineral soil layer.

The CCA axes were only correlated with select environ-
mental variables. Mineral soil bacterial community composi-
tion was correlated with soil pH in 2012 (»=0.31, p=0.009)
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but not with any of the measured soil chemistry properties in
either soil layer in 2013 (Fig. 3a—c). Mineral soil fungal com-
munity composition was significantly correlated with soil
moisture in 2013 (»=0.31, p=0.011) but not with any variable

Fig. 3 a—f CCA ordination plots

in either the organic layer in 2013 or the mineral soil layer in
2012 (Fig. 3d-f).

Discussion

We obtained primarily null results in the present study, with
biochar additions resulting in no statistically significant effects
on most of the soil chemical properties or on microbial com-
munity composition and function. However, the positive re-
sults found suggest important feedstock-specific effects: ma-
ple biochar addition caused a detectable decrease in organic
soil layer moisture content, along with a reduction in micro-
bial respiration and a decreased fungi/bacteria ratio, whereas
spruce biochar had no effect. Biochar additions also resulted
in small but detectable shifts in fungal and bacterial commu-
nity composition in the mineral soil after 2 years.

Soil chemistry

The lack of changes in soil properties in the mineral soil layer
in 2012 (Sackett et al. 2014) was potentially because the
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surface-applied biochar had yet to be incorporated into the
mineral soil. By 2013, the biochar particles were clearly
mixed into the organic soil layer and consequently biochar-
induced changes in soil chemistry were expected. The lack of
pH effect was particularly surprising, given that many previ-
ous studies found that biochar applications increased soil pH,
especially in acidic soils (Biederman and Harpole 2013). This
null effect was likely due to the buffering capacity of the soil
organic layer, such that adding biochar at more than 5 t ha "
would effect a change in soil pH. In an agricultural study,
adding biochar at 30 t ha ' significantly increased soil pH,
while additions of 3 to 12 t ha ' did not (Domene et al.
2014). Long-term studies in agricultural soils also suggest that
pH responses to biochar may be transient (Jones et al. 2012;
Quilliam et al. 2012), which may explain the lack of 2013 pH
effects. However, we did find substantial effects of biochar
additions on available P, Ca, and Mg in mineral soils within
the first year following addition (Sackett et al. 2014).

One explanation for the limited chemical effects could be
that the biochar particles migrated from the plots after addi-
tion, given the shallow, medium- to coarse-textured soils char-
acteristic of this forest, but we believe this is unlikely to have
occurred, especially because the biochar was added immedi-
ately prior to autumn leaf fall to minimize erosion losses.
While some mobile species from the biochar likely leached
after addition (Sackett et al. 2014), char particles were still
visually present throughout the soil of treated areas in 2013.
In addition, when biochar particles of varying sizes were de-
ployed in Haliburton Forest, the char lost approximately 5—
10 % of its mass initially but then remained stable for at least
4 years (C. Winsborough, personal communication).

Biochar effects on the soil microbial community
Microbial biomass

In the present field study, there was no effect of biochar addi-
tion on microbial biomass in either 2012 (Sackett et al. 2014)
or 2013, despite increased nutrient availability in 2012. Even
though a recent meta-analysis found that MB-C typically in-
creases after biochar addition (Biederman and Harpole 2013),
other medium-term field studies of biochar addition have sim-
ilarly found a negligible change in microbial biomass several
years after the biochar was added, suggesting that these effects
are generally short-lived (Jones et al. 2012; Rousk etal. 2013).
Observed increases in microbial biomass are commonly at-
tributed to greater C and nutrient availability (Lehmann et al.
2011; Biederman and Harpole 2013), either supplied directly
or via increased plant root activity, so these results may indi-
cate that by 12 months after biochar addition, there was
no labile C remaining for use by the microbial community
(Anders et al. 2013).

The null effect on microbial biomass may also be a
function of the consistency of other soil properties
across treatments. Domene et al. (2014) found that their
observed increase in MB-C was mainly due to increased
soil moisture after biochar addition, whereas in this
study, spruce biochar had no effect on soil moisture
and maple biochar decreased soil moisture by 8.5 %.
Alternatively, the negligible effect may also be due to
the low biochar addition rate; Domene et al. (2014)
only observed an increase in MB-C after adding biochar
at 30 t ha”'. Incubation experiments have also only
found biochar to affect microbial biomass at high addi-
tion rates (Kolb et al. 2009).

Microbial activity

Biochar addition was expected to increase microbial activity,
causing a release of C (Luo et al. 2011), as was documented in
24-week incubations of the same soil by Mitchell et al. (2015).
This effect is thought to be due to either the mineralization of
labile C in the biochar particles or the stimulation of microbial
activity through additions of labile nutrients (Mukherjee and
Lal 2013; Ameloot et al. 2013), though these effects can be
short-lived (Steinbeiss et al. 2009). In this study, microbial
respiration in the organic layer of the maple biochar plots
was 42 % lower than in the control plots even though there
was no change in microbial biomass. This may have been an
example of “negative priming,” in which biochar addition
decreases the overall respiration rate of native soil organic
matter possibly due to physical protection of soil particles
from microbial degradation (Zimmerman et al. 2011; Jones
et al. 2011; Ameloot et al. 2013; Prayogo et al. 2014) or the
ability of biochar to chemisorb CO,, leading to
underestimated microbial C mineralization rates (Ameloot
et al. 2013). Our results also indicate a strong effect of feed-
stock on biochar-microbial interactions in the soil, because
there were no changes in microbial respiration in the
spruce biochar plots. Similar differences between bio-
chars have also been seen in short-term incubation stud-
ies of forest soils: Khodadad et al. (2011) found that
microbial respiration rates depended on the pyrolysis
temperature and feedstock of the added biochar. Total
soil respiration rates were not measured in 2013, but
Sackett et al. (2014) found that even when microbial
respiration rates in 2012 were significantly affected by
biochar addition, field measurements of soil CO, efflux
did not change. This minimal effect of biochar on total
soil respiration has also been seen in agricultural soils
(Jones et al. 2012). In sum, our results indicate that
biochar addition at 5 t ha ' sequesters C in temperate
forest soils without increasing respiration of native or-
ganic matter, under field conditions.
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Microbial community composition

Surprisingly, the fungi/bacteria ratios in these soils were gen-
erally not affected by biochar addition in either 2012 or 2013.
This is in contrast to other experiments, in which lower fungi/
bacteria ratios have been observed 1 to 2 years after biochar
addition (Jin 2010; Chen et al. 2013), and specifically contra-
dicts results from a short-term incubation study using the same
soil (Mitchell et al. 2015). However, Mitchell et al. (2015) also
found that the main effects occurred at biochar addition rates
of 10 to 20 t ha !, whereas the control and 5 t ha ! soils had a
similar microbial community. Our null result is likely linked to
the fact that there was no overall effect of adding biochar at
5tha ' on soil pH, as discussed previously. Changes in mi-
crobial community composition after biochar addition are of-
ten correlated with pH (Rousk et al. 2013; Anders et al. 2013),
and in the present study, soil pH was the main control on the
fungi/bacteria ratio in the organic layer and pH was also cor-
related with bacterial community composition in 2012. There
was also a significant decrease in the fungi/bacteria ratio in the
organic layer of the maple biochar plots, which may have been
linked to pH changes. The values reported here reflect the pH
of the bulk soil, which may be different from the pH in the
immediate vicinity of the biochar particles (Lehmann et al.
2011). If pH increased in the soil zone near a biochar particle,
increased bacterial growth and reduced fungal growth may
occur (Rousk et al. 2009, 2010), which could explain the
observed lower fungi/bacteria ratio. In the present study, this
would only have occurred in the organic layer where the bio-
char particles were incorporated into the soil. In addition, the
maple biochar was more alkaline than the spruce biochar,
which may explain why there was no observed effect of
spruce biochar addition. However, changes in community
composition after biochar addition are not always attributable
to changes in soil pH (Prayogo et al. 2014).
Biochar-induced changes in soil physical and chemical
properties were expected to alter the relative abundance of
common soil bacterial groups, as has been seen in previous
studies shortly after biochar addition (Steinbeiss et al. 2009;
Grossman et al. 2010; Khodadad et al. 2011; Kolton et al.
2011; Chen et al. 2013; Anders et al. 2013; Gomez et al.
2014; Prayogo et al. 2014; Song et al. 2014; Mitchell et al.
2015). Instead, 2 years after biochar was applied to the surface
of the forest floor, there were no detectable differences in the
composition of either the bacterial or fungal communities in
the organic layer. There were, however, detectable treatment
responses in the mineral soil communities in both years, al-
though the distribution of taxa was still very similar.
Extracting microbial DNA from biochar-amended soils can
be challenging because DNA can be sorbed to the neg-
atively charged biochar particles (Lehmann et al. 2011).
However, this is mainly a problem at high addition
rates, and Jin (2010) found that amending the DNA
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extraction method did not alter T-RFLP results, so that
is unlikely to be of concern in the present study. In-
stead, our results imply that 5 t ha™' biochar additions
to this site have only minor effects on the native micro-
bial community composition.

During pyrolysis, most of the feedstock C is incorporated
into recalcitrant condensed aromatic rings, but some residues
of volatile organic compounds condense on the outside of the
biochar particles (Ameloot et al. 2013). After addition to soil,
these compounds are rapidly mineralized, whereas minerali-
zation of the aromatic structures is minimal, meaning that
there is generally an initial pulse in C and mineral nutrient
release after biochar addition, but over time, the differences
between control and biochar-amended soils decline (Jones
et al. 2012; Quilliam et al. 2012; Ameloot et al. 2013; Rousk
et al. 2013). Soil nutrient availability was not measured in
2013, but Sackett et al. (2014) found that most nutrient effects
observed within 2 to 6 weeks after biochar addition were no
longer present by the end of the first year (other than increased
Ca*" levels), suggesting that many nutrient effects at this site
were transient. Similarly, the resiliency of the microbial com-
munity should likewise result in only transient effects of bio-
char additions (Quilliam et al. 2012; Rousk et al. 2013). In this
study, we found effects on the mineral soil microbial commu-
nity composition, but not in the organic soil layer, in the sec-
ond year after biochar addition.

The most important difference with prior studies is likely
that biochar was added as surface dressing that was then in-
corporated into the soil by natural mixing with decomposing
litterfall. Mitchell et al. (2015) observed strong biochar effects
on the microbial community composition in short-term incu-
bations of these soils, but that experiment only included min-
eral soil, so there were no interactions with litter or roots, and
the biochar was thoroughly mixed into the soil rather than
being applied on the surface. We speculate that the forest soil
organic layer may have a particularly high buffering capacity,
and also a more resilient microbial community than that found
in agricultural systems, such that changes in the soil microbial
community composition and functioning are delayed and oc-
cur mainly in the mineral soil.

Phosphorus effects on the soil microbial community

Phosphorus-fertilization effects on microbial biomass were
most likely due to elevated soil pH and increased nutrient
availability, though feedbacks involving plant root responses
are also possible. The significant increase in pH was presum-
ably from the calcium component of the added triple super-
phosphate and likely contributed to the significantly lower
fungi/bacteria ratio. P-fertilized plots also had significantly
lower microbial biomass, which may be due to a decline in
mycorrhizae, with plants now having easier access to the pre-
viously limiting nutrient (van der Heijden et al. 2008; van der
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Heijden and Horton 2009; Blanes et al. 2012). The lower
fungi/bacteria ratio may also indicate a decline in mycorrhizal
fungi in these plots, though the reduction in microbial biomass
could also have occurred in response to increased competition
for nutrients with plant roots, once P limitation was alleviated
(Blanes et al. 2012).

Despite the changes in soil pH and fungi/bacteria ratio,
there was no effect of P treatment on microbial community
composition, in contrast to prior studies (Wakelin et al. 2009;
Kluber et al. 2012). It is possible that either P addition did not
alter the relative abundances of the observed taxa or that the
resolution of the T-RFLP community fingerprinting approach
was not sufficient to detect changes in individual functional
groups. However, T-RFLP is a widely used method that has
routinely shown microbial community changes in other soils
post-fertilization (e.g., Bissett et al. 2013; Hogberg et al.
2014). Even though P is a limiting nutrient at this site, there
was also no discernible effect of P addition on microbial res-
piration. This is in contrast to a prior study conducted in
Haliburton Forest, in which P fertilization substantially re-
duced microbial respiration (Peng and Thomas 2010). How-
ever, in that case, P and K were added to the soil for two
consecutive years prior to measuring respiration, and the ad-
ditional nutrient loading is thus more likely to have reduced P
limitation and thus have had a stronger effect on microbial
community functioning. Direct P and Ca additions may mim-
ic, in an exaggerated manner, soil responses to biochar addi-
tions at much high dosages than those used in this experiment.
The lack of microbial community responses to P additions
thus suggests that higher biochar dosages would similarly re-
sult in little or no response of the soil microbial community in
this system.

Conclusions

The effects of biochar on forest soil microbial community
composition and functioning in the first 2 years after addition
were limited. Neither biochar type altered microbial biomass
in either soil layer or community composition in the organic
layer, implying that biochar addition at 5 t ha ' is neither
beneficial nor toxic to the soil microbes at this site. Although
minor changes in the mineral soil layer community composi-
tion were observed, there was still substantial overlap in mi-
crobial taxa between treatments. Similarly, P fertilization also
had no detectable effect on microbial community composi-
tion. These results provide a further illustration that biochar
does not have universal effects and caution that the large ef-
fects on microbial communities that are observed in short-
term incubation studies (Mitchell et al. 2015) do not necessar-
ily provide a good indicator of longer-term impacts in the
field. While maple biochar altered microbial properties, there
was no corresponding effect of spruce biochar addition,

indicating the strong variability of effects depending on the
biochar being added. Ultimately, we have demonstrated that
biochar does not negatively affect forest soil microbial com-
munities. Prior to this experiment, no field studies had
assessed the ecosystem effects of biochar in a north temperate
forest beyond the initial 12 months after biochar addition. This
work is necessary in forested ecosystems where long-term
effects are more important than in agricultural systems with
yearly crop turnover. These results, combined with the earlier
work of Sackett et al. (2014) demonstrating short-lived effects
on soil chemical properties and greenhouse gas exchange,
imply that biochar additions at low to moderate dosages are
unlikely to have negative long-term effects on ecosystem
functioning.
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