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Abstract

A commercial scale biochar field trial was estdi#id on a farm in Québec, Canada in May 2008. A
very fine, commercially available biochar from fagtolysis of wood waste was applied as received
from the manufacturer using standard farm machingng target application rate was 5.6 t/ha, but an
estimated 30% of the material was wind-blown arsd tluring handling, transport to the field, soill
application and incorporation. This resulted irestimated 3.9 t/ha biochar application. Biochar was
applied on a clay loam soil in a single, 1,00bswath and compared to an adjacent, unamended
control swath, thus this is not a standard re@at&xperiment. Soybean was grown in 2008 and
mixed forage species in 2009, and a large dataseigathered including monthly data on soil physical
parameters, soil chemical fertility, soil micro-damacrofauna, crop morphology, quality and yield.
Yield increases in soybean averaged 19% over the#aipand forage biomass was doubled by
biochar application, compared to the control. Ipb&an, yield improvements arose from greater plant
population density, as opposed to greater seediptiod per plant. Yield differences cannot clearly
be attributed to chemical soil fertility differerscamong treatments. Total and available P are very
high on this soil which is considered to be P-ssd. Biochar-amended plots had lower total P
contents, and this cannot be fully explained withilable data. Surface soil infiltration was greate
when biochar had been applied, but no differenca® fiound in soil temperature, moisture content,
and resistance to penetration. The number of neqade soybean plant was not affected by the
biochar treatment, but root colonization by ectoaryisizae in the forage crop was greater when
biochar was applied. Earthworm density was genegatater with biochar, and data on fungal and
microbial grazers, and microbial and fungal biomsessm to support the hypothesis that biochar can
serve as a refuge for soil microbes. Total soiboar soil respiration and potential organic matter
mineralization were not measurably different in bi@char-amended plot. This is the first report on
results from commercial scale biochar field trialCanada.

Introduction

Biochar refers to biomass-derived charcoal, obthimleen biomass is “baked” under low or no
oxygen conditions (pyrolysis). Biochar holds proenés a tool for improving soil fertility and
sequestering carbon (C) in soil (Lehmann, 2007rd,&008; Lehmann and Joseph, 2009), among
other potential benefits. Research has shown tbatyields can be improved by biochar application
(reviewed by Lehmann and Rondon, 2006; Blackwedll 2009), but most data available to date was
obtained working with highly weathered, infertitepical soils. Much interest exists for improving
soils of temperate climates with biochar, but Véthe relevant data are currently available.



Furthermore, most current reports concern bioales tcarried out in experimental settings, using n
commercial farming machinery and very small plots.

The potential for significantly increased use afdhiar in Canada, as in other developed
nations, will be largely driven by its acceptanod ase in commercial agriculture. That use, in,turn
will be predicated primarily on any economic adeags offered by biochar to agricultural producers.
Its adaptation and use by traditional commerciahfaperators will be largely driven by the abildfy
biochar to reduce farming costs, increase yieldsimuprove soil quality. In addition to the traditial
economic farming considerations of cost reductems yield increasess, potential future farm income
related to greenhouse gas carbon trading (whenvaede available) offers the potential of economic
stimulus for agricultural biochar users.

In order to promote the commercial use of biochar therefore essential to evaluate and
demonstrate such potential economic advantage®. dloing, methods for the handling and
application of biochar on a commercial farming basust also be tested and developed. Although
significant experimental work with biochar in undery in such countries as Australia and the United
States, very little experimental or developmenttifwork has been undertaken to date in Canada,
particularly in relation to the use of biochar onemercial farming operations. Little is known about
its use in local climate and soil conditions, orefation to crops traditionally grown in Canadalen
local growing conditions. Therefore, in light oktkignificant potential advantages biochar offethb
to the environment and to agricultural productidms evaluation was planned and undertaken as a
preliminary evaluation of the use of biochar in coercial farming operations in Canada, as well as in
relation to local climate and soil conditions.

Study objectives were to evaluate:

the influence of biochar on certain basic physievcital and biological soil and plant

parameters;

the ability of biochar to retain moisture in thel;so

the influence of biochar on crop and biomass yields

the influence of biochar on soil respiration;

a method of handling and application of biochath soil.

Materials and methods

Field location

This trial was carried out at Ferme Richard Roule&.n.c. (N45°32.598, W72°02.237),
located in Saint-Francois-Xavier-de-Brompton, Quelizganada, in the watershed of the St-Francois
River. The biochar handling and other agricultdiedt work was carried out by owners of Ferme
Ridelo Inc., lessees of this property. The vallydscape is dominated by farmland producing mostly
field crops such as corn, soybean and foragesdioy dperations of the region. The soil at the
experimental location is a clay loam and had preslippbeen managed according to standard practices
including lime and dairy manure applications. Do@tanure application management based on
nitrogen requirements, soils of this watershedoften saturated with phosphorus.



Biochar material

Biochar used in this trial was made and supplie®ynaMotive Energy Systems Corporation
(West Lorne, Ontario, Canada) using fast pyrol{sthinology to convert hardwood waste biomass
into biofuel and biochar, and is commercially aabié under the name CQuU&stThe material used
here was produced in 2007 and kept in storagedprbducer until shipment to the trial site on 16
May 2008. The biochar was packed at the produd#oitity in 200 liter (55 US gallon) steel drums,
each containing approximately 55 kg of product, singped by truck to the farm trial site. Typical
characteristics of the material, as analyzed by 8@$ada Inc. and supplied by the manufacturer, are
provided in Table 1.

Experimental plot establishment

Lime was applied at 1.5 t/ac (3.4 t/ha) on théremixperimental area on 28 May 2008.
Biochar was applied on the same day using a feé-kime spreader (Atelier Despreés Inc, Val-Alain,
Québec) which spreads lime in a 10 m wide swatkingle, 100 m swath of biochar was applied and
constitutes the treatment plot (1,008) nand comparisons are made to a control, idehtisaled
unamended plot which is directly adjacent to tleatiment plot. This experiment is not randomized or
replicated.

The target application rate for biochar was 5.6 (/000 Ibs/ac). The amount of biochar
necessary to cover 1,00¢ at this application rate was received from thepiepand placed inside
the spreader. In order to uniformly apply the baxrcbver the plot area, the guidelines provided for
lime application by the manufacturer of the spreadsre used as a basis. Specifications for gate
opening, spreader rotation speed and tractor dyispeed were listed for an application rate of @,50
Ibs of lime per acre, so reducing the given trasfmed by half would effectively double the
application rate to the desired 5,000 Ibs/acre t{{&&), for lime. Due to the large density diffecen
between lime materials (2,700-6,200 kd)mnd the biochar produced by DynaMotive (approxitya
250 kg/m), a final decision was made to apply the matémiélvo passes. The first pass was made at
the minimum programmable tractor speed of 1.9 kmith the spreader height set as low as possible.
Some biochar remained in the spreader after tlgs, @ estimated 30% of the initial amount. For the
second pass, tractor speed was set at slightly tharedouble that of the first pass, or 4.8 km/h.
Biochar was exhausted from the spreader upon negthé end of the 100 m swath. A tractor speed of
approximately 6.5 km/h would have allowed the aggilon to be made in one pass, using these
spreader adjustements.

INeither BlueLeaf nor Julie Major promote or conddme use of any specific products, including anthoke mentioned
in this report. They have no commercial or contrattelations with any suppliers of products orestharticipants
mentioned in this report. BlueLeaf and Julie Majake no claims or warranties, specific or impliechcerning any
products mentioned in this report and express m@pas regards any such claims made by the metwiéas or
distributors of such products.



Table 1. Typical characteristics of CQU&sbiochar, as provided by the manufacturer. These ate
based on the analysis of one biochar sample inlM2006, unless otherwise specified. ASTM
methods used are for coal analysis.

Characteristic Unit Value Analytical Rangé
method

Moisture % 2.0 ASTM D3173

Ash % 10.9 ASTM D3174 1-25

Volatile matter % 23.9 ASTM D3175 18-30

Fixed carbon (C) % 65.0 ASTM D3172

Total carbon % 72.5 60-75

Total nitrogen (N) % 0.5

C/N 161

H/C 0.04

o/C 0.15

Sulfur (S) % 0.02

Aluminum (Al) mg/kg ash 300 OES-ICP

Calcium (Ca) mg/kg ash 6460 OES-ICP

Phosphorus (P) mg/kg ash 180 OES-ICP

Potassium (K) mg/kg ash 6080 OES-ICP

Bulk density kg/m 250-350

Particles < 2 mm Typical % 100

Particles <1 mm Typical % 95

Particles < 0.5 mm Typical % 60

'As supplied by manufacturer in the Material's Saf@ata Sheet

Because a large proportion of this material coadisif very small particles (approximately
60% passed through a 0.5 mm sieve) (Table 1), iacd the biochar was not moistened before
handling and application, some of the material lsasduring handling, transporting to the field,
application, and incorporation (Fig. 1). Lossesewvgreatest while applying with the lime spreader.
Despite wind velocity being low at the time of apgtion, losses during this operation were visually
estimated at 25%, while losses during handlingeatenated at 2% and losses during transportation at
3%, for a total of 30% estimated losses. Thusatieal application rate is estimated to be 70% of
5,000 Ibs/ac, or 3,500 Ibs/ac (3.9 t/ha). Afterleapion biochar and lime were incorporated by one
pass of a disk harrow. Incorporation depth was@pprately 20 cm. The control plot was also
harrowed to incorporate lime. To avoid samplingaaref the control plot possibly contaminated with
biochar, no samples were taken from the 5 m adjdaoeahe biochar-amended plot.
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Figure 1. Clokise from top left: Biochar lossesi
application and incorporation.
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Crop management

Roundup Ready soybeanGlycine maxL.) Merr.) variety 2590R (Pro Seeds of Canada,
Woodstock, Ontario) was seeded during the firstkedelune. During the growing season, the entire
experimental area was managed according to stapdactices for nutrient, weed and pest
management. Soybean was harvested on 20 Octob&r R0y manure was applied at 10 t/ac (22.4
t/ha) in the fall of 2008. In spring 2008, plotsrevdilled, rolled, lime was applied at 1.5 t/ac4®ha),
and synthetic fertilizer (6-25-30 MAP) was appledL00 Ibs/ac (112 kg/ha). On 8 June 2009, a
pasture mixture of rye gradsalium multiflorumLam.), red cloverTrifolium pratense..) and
timothy (Phleum pratense.) was broadcast seeded at a rate of 15 |Ibs/akd/ha), and oat#¢ena
satival.) were seeded at a rate of 70 Ibs/ac (78 kglkeng a seed drill. Forage was harvested once
during the growing season on 20 August 2009, ar@glianh (20 cm) stubble was left behind. The
spring was very wet in 2009, and forage was sekdedresulting in poor establishment and growth of
plants, especially for clover, timothy and ryegrass

Soil sampling and measurements

Soil was sampled in 2008 to 16 cm depth on 7 anduBg 27 August, 17 September and 5
November, and in 2009 on 25 May, 22 June, 21 JiMAugust, 14 September and 13 October, using
a corer. Ten samples were taken along a “W” pattewering each entire plot, and were composited.
Using a 1:1 w:v mixture of composited soil and itlest water, electrical conductivity was measured
using a pocket meter, soil nitrate was measuratyustirate-nitrite strips, and pH using a pocket
meter (USDA, 1999). Portions of these moist sampiere sent for chemical analysis at Laboratoires
d’analyses S.M. Inc. (Varennes, Québec, Canadam@al analysis included ash content, organic
matter content by combustion at 550 °C, total CQCEanalyzer), total N (Kjeldahl), pH (1:1 w:v,



soil:water), and total calcium (Ca), potassium (Kggnesium (Mg), and P by acid digestion and ICP
determination. Biological analyses were performg&bil Foodweb Canada Ltd (Vulcan, Alberta
Canada) and include direct counts using a micrasémpbacteria and fungi, the “most probable
number” for protozoa, and a funnel collection ajppas for nematodes. These biological analyses
were carried out on soil samples taken on 30 Sdpe2008, and on 25 May, 22 June, 21 July, 17
August, 14 September and 13 October 2009. SoilWwebdCanada also performed soil fertility
analyses for samples taken in 2009, and include¢hpdsured as above), and nitrate- and
ammonium-N. Inorganic N species, and availablekC@nd Mg were determined by extraction with a
Mehlich | solution and a color reaction followed &yalysis on a spectrophotometer. Soil solution
electrical conductivity was measured in a 1:1 wixtare of soil and water using a probe.

Using the same sampling pattern as above and athe dates, the following parameters
were measured at 10 locations in each plot: swiptgature (to 10 cm) using a Mannix DT300 digital
thermometer with a 13 cm stainless steel stensteggie to penetration using a Wika hydraulic
penetrometer, model HyPen1, and soil moisture @tort) using an Aquaterr M-300 soil moisture
meter. This soil moisture meter is calibrated agidiquid water and indicates percent moisture
relative to completely saturated conditions (100Stixface infiltration was measured at one location
near the center of each plot on the dates mentiabede, using a single ring infiltrometer (USDA,
1999). On several occasions in 2009 the soil wagwet at the time of sampling and infiltration was
very slow, and the infiltration trials were not otuded.

Soil bulk density was assessed using an alumindimogy with a diameter of 7.6 cm and 12.7
cm height. This measurement was made on 7 andl28JuAugust, 17 September and 5 November
2008, and on 25 May, 22 June, 21 July, 17 AugysBdptember and 13 October in 2009. Data from
2008 was not correctly recorded and is not prese@amples were taken at 3 locations in each plot,
diagonally at regularly spaced intervals. The mvas inserted into the soil using a hand sledge to a
depth of 8 cm, and then removed. Soil was takermobtlte ring and placed into a plastic bag and
sealed. In the laboratory, bags of moist soil weeeghed, and the weight of the bag subtracted. Soil
was then dried in a microwave oven by submittirtg # minute cycles on full power, to constant
weight. Dry weight was recorded and bulk densitguated.

Soil respiration was measured using Draeger tub2608, and using the Solvita® system in
2009. Draeger tubes provide a measurement of hovh 18@ is present in a sample of gas taken
from the headspace above a soil chamber locatiet ifield (see USDA, 1999), while the Solvita®
system uses a patented colorimetric reaction tesureghe amount of Groduced during soill
incubation in a jar in the laboratory. This testligded into two parts, one where field-moist $sil
incubated, and one where air-dried soil is incuthaigon re-wetting, providing insight into potential
mineralization. Solvita® respiration tests were mad 3 analytical replicates from one composité soi
sample taken from each plot. Respiration was medsusing a 24 h incubation on soil sampled on 7
and 28 July, 27 August, 17 September and 5 Novel®@8 (Draeger tubes in the field), and in 2009
on 21 July, 17 August, 14 September and 13 Octgbeist soil incubation using Solvita®). Potential
C and N mineralization were similarly assessedasnpdes taken on 14 September and 13 October
2009.

Earthworm density was assessed by digging outubit ¢oot pit from 3 locations in each plot,
diagonally and at regularly spaced intervals. ®ai$ dug out using a shovel, and the soil placed on
light-colored surface. Earthworms were visuallyaeped from soil and counted. A solution of
mustard was used to assess the numbers of degwingrworms (USDA, 1999), and these numbers
were added to the number for worms inside thessuiiple. This assessment was carried out on 28



July, 17 September and 5 November 2008, and ondg RP June, 21 July, 17 August, 14 September
and 13 October 2009.

Crop sampling and measurements

In 2008, soybean leaf temperature was measured adaser infrared thermometer, and leaf
Brix using an Atago Master refractometer, and igflg adapted vice-grip for squeezing leaves to
extract their juice. Temperature was measured gouidiits and Brix was measured on 3 plants along a
“W’ pattern as described above for soil, on 28 ,JAlK August and 17 September.

On 15 October 2008, 50 whole, continuous plantewarvested on two adjacent rows
approximately in the middle of each plot (total=L00hese plants were individually measured for
above ground height, tap root length, total plangth, and the following data was collected on each
plant: number of root nodules/plant, number of bhes per plant, number of pods per plant, total pod
weight, number of seeds per plant, total seed weagtd number of seeds per pod.

Plant density was assessed by measuring the lemgthyow, necessary to encompass 100
plants. This assessment was made at one locateacinplot. Additionally, a similar determination
was made for 50 plants on two adjacent rows, aadtimber of plants was also counted in one?4 m
guadrat. These measurements were made on 11 d@dctder 2008. Yields were also measured on
20 October 2008 using a New Holland® self-propetiethbine harvester equipped with a full
precision farming package including yield and maistmeasurement. Yield data provided by the
combine was taken over a larger area surroundmetperimental plots.

During the 2009 season, oat leaf temperature anxdwgre measured on 22 June, 21 July, 17
August, 14 September and 13 October, and clovétdegperature was measured on 14 September
and 13 October. These leaf temperature and Brixsurements were made on 25 plants along a “W”
pattern as described above.

On 20 July, 17 August and 20 September 2009, 3plaats were harvested using a transect
intercept method, where a string was stretchecbdialfy at approximately 45° to the rows in each
plot, and the plant closest to the string in edcB2oadjacent rows was harvested, including théstoo
These oat plants were measured for root lengthyeagmund plant height, total length, total weight
roots and above-ground growth. Plants were thendedir-dry for two weeks, grouped by treatment
and weighed. On 1 August 2009 (before harvestirfgraige), the number and fresh weight of oat
plants were measured after collecting above-gramatdiomass in three 1’muadrats. These
guadrats were placed by moving fixed distanceszbatally (2 m) and vertically (5 m) inside the
plots, before placing the quadrat down for sampliifter weighing, oat plants were sent to a forage
analysis laboratory (Agri-Analyse, Sherbrooke, QagglCanada). Forage analysis was carried out by
near infrared (NIR) spectroscopy. Another biomasse was taken for sending for this forage
analysis on 7 October 2009. These samples inclali@tbove-ground biomass taken in 30*30 cm
guadrats, in the pattern described above. On 2&8éer 2009 at the end of the growing season, the
same sampling technique was used to harvest aleagpmund biomass from 1°muadrats, and fresh
weight was measured.

Data analysis

Due to the lack of true replication in the desigrthe experiment, no statistical analyses were
performed on the data. Averages are presentedtandasd errors are shown in graphs, to illustrate
variability in the individual measurements that &varade within each plot.



Results

Soil physical parameters
No clear trends were observed with soil tempeeatoeasured during the growing season. On
several occasions, temperature was slightly lowéné biochar-amended plot (Fig. 2).
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Figure 2. Soil temperature measured over two yeandger different crops. Error bars represent the
standard error on means of 10 field measurementienaside one plot of each treatment.

Similarly, the effect of biochar application on ttoece needed to penetrate the soil (i.e. soil
compaction) was unclear (Fig. 3).
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Figure 3. Resistance to surface soil penetratioasneed over two years, under different crops. Error
bars represent the standard error on means of dld fneasurements made inside one plot of each
treatment.



Biochar generally considerably improved surfaceis@itration (Fig. 4), however soil
moisture measured over both years did not showckeay trends, when variability in the data is taken
into consideration (Fig. 5).
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Figure 4. Soil surface infiltration rate measuredkeo two years, under different crops. Single
measurements were made inside each plot at eacplisgndate. On two occasions the infiltration
trial was repeated because the soil was initiabyydry. The second trial in those cases givestigebe
estimate of infiltration rate.
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Figure 5. Soil moisture (relative to saturation)easured over two years, under different crops. Erro
bars represent the standard error on means of dld fneasurements made inside one plot of each
treatment.

Bulk density measurements made in 2009 were aveyagece no tillage was carried out after
seeding crops and no trends were observed in theadthin the year. In 2009, bulk density was



slightly greater where biochar had been appliedpayed to the control plot (1.21 + 0.06 vs. 1.10 +
0.04, respectively.

Soil chemical parameters

The organic matter content of soil as determinetbbss on ignition did not vary consistently
between treatments (Fig. 6).
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Figure 6. Organic matter content of control (greemmbols, dotted line) and biochar-amended (black
symbols, full line) soil as determined by loss ujgrition at 550 °C. Note that not all biochar is
expected to be lost at 550 °C, and thus would eah@uded in this result.

Total C content does take all biochar into congitien and was greater in the control plot
early in 2008, but later no differences were appiafiéig. 7).
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Figure 7. Total C content of control (green symbdistted line) and biochar-amended (black
symbols, full line) soil.
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Total N was similar or greater in the control glo2008, and generally higher where biochar
had been applied in 2009 (Fig. 8).
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Figure 8. Total N content of control (green symbdisited line) and biochar-amended (black
symbols, full line) soil.

Nitrate-N contents did not show any trends in 2@0®] were generally greater in the control in
2009 (Fig. 9). Ammonium-N was generally greater whechar had been applied (Fig. 10).
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Figure 9.Nitrate-N content of control (green symbols, dotted) and biochar-amended (black
symbols, full line) soil. In 2008 this measurem&as made using nitrate-nitrite strips, and in 2009
soil was extracted with Mehlich | solution and ate-N determined colorimetrically.
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Figure 10. Ammonium-N content of control (greenlsyisy dotted line) and biochar-amended (black
symbols, full line) soil in 2009.

The pH did not vary consistently between the tveatiments in 2008, but the measurement
made by Soil Foodweb Ltd. showed consistently gregaitl in the control plot, in 2009 (Fig. 11).
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Figure 11. Soil pH of control (green and blue syispdotted lines) and biochar-amended (black and
red symbols, full lines) soil. Square and diamoymilsols represent data from S.M. lab, while
triangles and circles represent data from Soil Faet). Blue and red symbols represent data obtained

in-house using pH meter.

Total P was greater in the control treatment dubiath years, and available P measured in
2009 was also greater in the control (Fig 12).
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Figure 12. Available (in 2009) and total P (in 2088d 2009) measured on control (green) and
biochar-amended (black) soil.

In 2008, total Ca did not vary between treatmertept at the first sampling date where it was
greater in the control treatment (Fig. 13). In 200%l Ca was greater in the biochar-amended plot,
but available Ca was lower (Fig. 13). Total K betdigimilarly in both treatments in 2008, but in
20009 slightly but consistently more total K wasridun the biochar-amended plot (Fig. 13). Similarly
more K was available in the biochar-amended pl@009, except on the first sampling date when the
crop had not been seeded. Total Mg was similapth treatments in 2008, and trends were not
obvious for total Mg in 2009. Available Mg in 200&s usually greater in the biochar-amended plot
(Fig. 13).
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Figure 13. Total (in 2008 and 2009) and availableZ009) Ca, K and Mg measured on control
(green symbols, dotted line) and biochar-amend&tksymbols, full line) soil.

Available copper (Cu) was similar in both treatnseint2009 except at the first sampling date

before the crop was seeded, when Cu availabilithenbiochar-amended plot was much greater (Fig.
14). Manganese (Mn) availability was generally ¢gea the control plot (Fig. 14).
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Figure 14. Available Cu and Mn measured in 200@ontrol (green symbols, dotted line) and
biochar-amended (black symbols, full line) soil.

The electrical conductivity of the soil solution svgenerally lower when biochar had been
applied, in both years (Fig. 15). The redox potdrats measured in 2008 did not differ between the

treatments, and neither did pNa (Fig. 16).
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Figure 16. Redox potential and pNa measured in 28)08ontrol (green symbols, dotted line) and
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Biological soil parameters

In 2009, when several pits were dug in each platssess earthworm density, the number of
earthworms was generally greater in the biocharrai®e plot (Fig. 17).
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Figure 17. Earthworm density 2008 and 2009. Errardorepresent the standard error on means of
data from 3 soil pits dug inside one plot of eagatment. When no error bars are shown, only ohe pi
per plot was dug.

Data from the soil foodweb analysis shows no aligéerences between treatments in the dry
biomass of microorganisms (Fig. 18a). Active baatdriomass was generally slightly higher where
biochar had been applied, but this is not true &ege harvest, when trends were less obvious (Fi
18b). No trend was observable for total bacteriaitass (Fig. 18c), active fungal biomass (Fig. 18d)
total fungal biomass (Fig. 18e), or hyphal diamékég. 18f). Percent colonization by
endomycorrhizal fungi was greater and within thpested range when biochar had been applied (Fig.
189).
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Figure 18. Bacterial and fungal analysis of soifrgales for control and biochar-amended treatments.
Horizontal dotted lines indicate expected rangepravided by Soil Foodweb Canada Ltd.
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The number of flagellate and ciliate protozoaegvam of soil did not show any trends (Fig.
19a, c), but the amount of amoebic protozoae wasrg8y lower when biochar had been applied
(Fig. 19b). The total number of nematodes in bio@mended soil was usually greater than in control
soil (Fig. 19d).
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Figure 19. Analysis of protozoae and nematodesibamples for control and biochar-amended

treatments. Horizontal dotted lines indicate expdatainges as provided by Soil Foodweb Canada
Ltd.

Identification of nematodes to the genus level atvéhat soil amended with biochar contained
more bacterial feeders (Fig. 20a), fungal feedeig Q0b), and fungal or root feeders (Fig. 20@nth
the control plot. No clear trends were observedhernumber of predatory nematodes (Fig. 20d) and
exclusive root feeders (Fig. 20e). A sharp “spikethe number of total nematodes, bacterial, fungal
and fungal or root feeding nematodes, as well #isamumber of amoebic protozoans can be observec
for the sample from biochar-amended soil taken2duhe 2009, i.e. the first sample taken after the
forage plants were seeded. This spike was not wedevhere biochar was not applied.
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Figure 20. Analysis of types of nematodes in soii@es for control and biochar-amended
treatments.

Soil respiration measured in the field in 2008 niod show any clear trends (Fig. 21a), while
respiration of field-moist soil measured in thedediory 2009 did not vary between treatments (Fig.
21b). Soil respiration upon rewetting soil, or “potial C and N mineralization”, was slightly lower
than in the control, although apparently signifitaso on only one of the two measured dates (Fig.

22).
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Figure 22. Soil respiration upon rewetting dry saildicative of potential C and N mineralization.
Error bars represent the standard error on meandath from 3 laboratory replicates on a composite
soil sample taken inside one plot of each treatment

Crop characteristics

Soybean leaf temperature in 2008 was lower witlehmao addition on all sampling dates (Fig.
23), but differences between treatments were sanalltrends were less clear for oats and clover in
2009 (Fig. 24). Trends in leaf °Brix were also @ae| for soybean in 2008 and oats in 2009 (Fig. 25)
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Figure 23. Soybean leaf temperature in 2008. Ebars represent the standard error on means of 10
field measurements made inside one plot of eaetintrent.
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Figure 24. Leaf temperature of oats and clover@2 Error bars represent the standard error on
means of 25 field measurements made inside onefpdatch treatment.
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Figure 25. Leaf °Brix readings for soybean in 2@08l oats in 2009. Error bars represent the
standard error on means of 3 field measurementsentagide one plot of each treatment for soybean,
and 10 measurements for oats.

Morphological soybean parameters are shown in Eigér Above-ground plant height was
greater with biochar addition, but taproot lengtisvess, and total plant length was the same fibr bo
treatments. The number of root nodules was lowemnadiochar was applied, but this does not appear
to be a significant difference. The number of $idenches was not affected by biochar application.
The number of seed pods was lower with biochawaesthe total weight of seed pods on individual
plants. Individual seed pods had a similar weighéther or not biochar had been applied. The
number of seeds per plant was reduced with biogpjlication, as was the total weight of seed per
plant. The average weight of individual seeds ditivary with treatment, and neither did the average
number of seeds per pod.
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Figure 26. Soybean plant morphological parameteessared in 2008, at crop maturity. Error bars
represent the standard error on means of data fi@® plants taken inside one plot of each treatment.

Figure 27 shows morphological parameters for ca2009, at 3 sampling dates. Treatment
differences are more apparent before forage wagsi@md on 20 August. Before harvest, above-
ground plant height, and root and total plant langére greater with biochar application (see F235s.
28), apparently significantly so except in the casmot length on 17 August. After harvest, ordpt
length remained greater with biochar. The numberabfseeds per plant as counted on 17 Aug was
slightly greater when biochar was applied, althoaoghsignificantly so.
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In 2009, the analysis of forage (Table 2) shows ¢hade protein was lower in forage from
biochar amended plots at both sampling dates, @withdifferences were small. The amount of fat,
starch, sugars and ash was slightly lower in fofeg@ biochar-amended plots, as was the content of
Ca, P, K, Mg, Zn, Mn, Cu, Fe, and others, althodifierences were often very small. The relative
feed value was also lower by 4-10%, and the reddtivage quality by 4-13%, when biochar had been
applied. These indices take into account severabias (but not protein or minerals) to give aead
of the quality of the feed. Relative feed qual#jates better to animal performance, as it takies in
account fiber digestibility.
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Table 2. Near-infrared analysis of forage samptdiected in 2009.

1-Aug-09 7-Oct-09
Control  Biochar  Control Biochar  Control  Biochar Control  Biochar
As Received As Received Dry Matter
Basis Dry Matter Basis Basis Basis
Moisture % 75.54  75.17 0.00 0.00 81.82 81.90 0.00 0.00
Dry Matter % 25.46 24.83 100.00 100.00 18.18 18.10 100.00 100.00
Protein
CRUDE PROTEIN %  3.26 2.80 12.80 11.30 3.02 292 1659 16.13
Acddetergentinsoluble crude profein 55 021 088 086 028 026 154 143
Acid detergent insoluble crude protein
9 (%CFF:) % 8.18 9.27 8.18 9.27 9.30 8.88 9.30 8.88
AVAILABLE PROTEIN (% CP) 3.26 2.80 12.80 11.30 3.02 292 1659 16.13
SOLUBLE PROTEIN (% CP) 37.49  37.19 3749 37.19 30.09 30.02 30.09 30.02
DEGRADABLE PROTEIN (% CP) 68.75  68.60 68.75 68.60 65.05 65.01 65.05 65.01
Neutral detergent '”S%'foti'eemcgzde 0.63 0.60 247 242 079 073 432 401
Neutral detergent insoluble crude
gprotein (%CP) % 5.83 6.45 2290 25.97 4.74 450 26.05 24.87
Fiber
ACID DET.FIBER %  8.68 8.63 34.08 34.76 481 5.08 26.47 28.08
NEUTRAL DET. FIBER % 14.50 14.52 56.94 58.47 8.08 8.70 44.46 48.04
Digestible neutral detergent fiber % 8.06 7.79 31.67 31.37 4.06 415 2232 2295
Neutral detergent fiber digestibilit
9 (%I\?DF) % Y 5562 53.65 55.62 53.65 50.20 47.77 50.20 47.77
LIGNIN % 1.46 1.19 5.72 4.80 1.21 1.30 6.65 7.20
LIGNIN (%NDF) % 2.56 2.04 10.04 2.29 2.72 271 1495 14.99
Non-fiber carbohydrate % 5.56 5.90 21.82 23.78 5.99 539 3297 29.76
Non-structural carbohydrate % 2.20 2.08 8.64 8.36 1.97 1.85 10.85 10.23
RELATIVE FEED VALUE (RFV) 102.05 98.10 102.05 98.10 149.55 134.72 149.55 7234.
RELATIVE FORAGE QU’(*RE'FTQY) 111.99 10698 111.99 106.98 151.18 131.04 151.181.043
DRY MATTER INTAKE (% B\(/)VI‘DI'\; 2.40 2.29 2.40 2.29 2.84 2.58 2.84 2.58
FAT % 0.56 0.52 2.21 2.09 0.56 0.55 3.07 3.02
STARCH % 0.80 0.75 3.14 3.03 0.74 0.69 4.05 3.79
SUGARS %  1.40 1.32 5.50 5.33 1.24 1.17 6.79 6.44
ASH % 2.73 2.18 10.71 8.77 1.32 1.28 7.24 7.07
Minerals
CALCIUM (Ca) % 0.13 1.12 0.51 0.47 0.17 0.15 0.95 0.80
PHOSPHORUS (P) % 0.07 0.07 0.28 0.26 0.05 0.05 0.29 0.28
POTASSIUM (K) %  0.37 0.30 1.44 1.22 0.23 0.21 1.27 1.16
MAGNESIUM (Mg) % 0.05 0.04 0.18 0.17 0.04 0.04 0.23 0.22
SULFUR (S)%  0.04 0.03 0.14 0.12 0.04 0.04 0.20 0.20
CHLORIDE (CL) % 0.55 0.48 2.16 1.92 0.44 0.47 2.42 2.58
SODIUM (NA) % 0.01 0.01 0.03 0.04 0.01 0.01 0.04 0.05
ZINC (Zn) ppm 12.06 7.20
MANGANESE (Mn) ppm 70.20 56.27
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4.16 3.36
1342.04 877.54

COPPER (Cu) ppm
IRON (Fe) ppm
Energy

TDN % (ADF) 1529 1472 6005 59.27 1249 12.10 68.71 66.87
Net energy lactation, M((:AAE/F'gG 034 033 135 133 028 027 156 152
Net energy maintenance, M&ADLF/?G 033 032 131 129 029 028 159 153
Net energy gain, MCAL/KG (ADF)  0.19  0.18 074 071 018 017 099  0.94
enerc . : )
Total digestible nutrients ("zvr?/'é'l""sné)) #5735 5741 5735 5741 6540 62.60 6540 62.60
Net energy lactation, MCAL/KG
weiss) 033 032 129 129 027 026 149 142
Milk Per Day From Forage (Kg) 457 409  17.96 1648 403 322 2215 1781
Milk Per Metric Ton From Forage 5,0 33, 1359 1346 202 269 1606 1484
(Kg/MT)
H *
Milk Per Hectare FrOTKZ?ng)e 5428 5245 21318 21124 4581 4215 25199 23287
Net energy maintenance, MCAL/KG
weiss) | 031 031 122 124 026 025 145 138
013  0.13 050 052 013 012 073 066

Net energy gain, MCAL/KG (WEISS)
* Calculated on a 15.7 metric ton DM ha basis

Crop yield

In 2008, soybean yield calculated by the harvester greater by 20% in the biochar-amended
plot, as compared to the control (Table 3). Maryadditermined plant densities were greater when
biochar had been applied (Table 4).

Table 3. Soybean yield data provided by the haevest

Parameter Unit Control  Biochar
Harvested surface area ac 6.08 0.18
Dry weight Ibs 5821 206
Moisture content % 13.8 13.7
Average dry yield Ibs/ac 957.4 1144.4
Yield increase with biochar Ibs 187.0
Yield increase with biochar % 20

Table 4. Percent increase in soybean plant dewsitybiochar application.

Method Increase with biochar
100 plants on a single row 25%
50 plants on 2 adjacent rows 68%
One 4 M quadrat 11%
Average 35%
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In order to estimate yield increases from this nadlgicollected data on soya, one can add the
percent differences in plant density (+35%) andlts¢ed weight per plant (-18%), to give an
estimated yield increase of 17% with biochar apian.

The number of oat plants, as well as their frestylteneasured on 1 August 2009 in 4 m
guadrats were more than doubled when biochar walgedFig. 29). The total above-ground fresh
biomass of all forage species harvested on 29 Béete2009 was also greater where biochar was
applied, although the difference does not appebetsignificant (Figs. 30 and 31). Due to problems
with drying the small plants on which individuahlgth measurements were made, air-dried weights of
oat plants are not reported, but plants harvestebi7oAugust 2009 (just before mechanical harveyting
had seeds and the dry weight of seeds was gregdarits from the biochar-amended plot (14 g) than
the control (12 g).
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Figure 29. Number and fresh weight of oat planténm quadrats, counted on 1 August 2009. Error
bars represent the standard error on means of d@@ 3 quadrats taken inside one plot of each
treatment.
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Figure 30. Above-ground fresh weight of all foragecies on 29 September 2009. Error bars
represent the standard error on means of 3 fieldsueements made inside one plot of each
treatment.

Figure 31. Forage species at sampling on 1 AugQ682

Discussion

Biochar handling losses

Losses of biochar during biochar handling, shigpstorage, application and incorporation
amount to an estimated 30% in this experiment,cedrred as wind-blown dust. Major et al. (2009a)
also inferred losses of biochar of up to 53% dfteorporation to soil of a coarser material thaat th
applied here. They attributed this loss to therédtieansport of biochar which remained on the soll
surface after application, during intense rain és@rich resulted in the accumulation of free water
on the soil surface. These results indicate the h@edevelop best management practices to reduce
losses while working with biochar. In this case jstening the material would likely have reduced
dustiness. Application with a lime spreader reqlitkanges to the usual calibration of the equipment
but resulted in adequate, uniform spreading, asallisobserved. It is unclear whether uniformity of
application would have been reduced if the matédal been wetted to reduce wind losses.

Crop yield, quality and soil chemical fertility

Crop biomass increases of 17-20% for soybean ar8i®% for forage, and crop density
increases of 11-68% for soybean and 102% for fovagre observed, with an estimated biochar
application rate of 3.9 t/ha. Very few data areilalde on the performance of biochar applied to
temperate field soils. Laird et al. (2009) appked and 8.2 ton/ac (9.8 and 18.4 t/ha, respecbivdly
biochar to a fertile central lowa soil, and obsedraesignificant increase in maize population dgnsit
15% in the first year after application, and a sagnificant increase of 1.5% in the second year. No
differences were observed between the two bioghalication rates. Maize yields were significantly
improved by 4% the first year after applicationdagain biochar application rate did not have an
effect. Yields in the control were approximatelytdia, which is very high compared to yields in
other regions. Thus, results similar to those weeoled here were obtained with more than doubled
application rates in lowa. In tropical soils, yiehtreases tend to be higher, due to the loweltifert
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of soils. With an application rate of 4 t/ha, Asaial. (2009) found a doubling in rice yield at mie
their study locations. Using higher biochar apglmarates, yield increases of up to over 300% have
been reported on poor tropical soils (Blackweklet 2009).

For soybean in 2008, yield increases arose fromtgrglant density, and not greater seed
biomass per plant. This is consistent with theltegtom Laird et al. (2009), where differences in
crop population density were greater than diffeesna crop yield. However in oats, both population
density, plant fresh weight and seed air-dry wevghtte greater with biochar application. Crop height
in both soybean and oats was greater with bioghglication, although root length was greater irsoat
but not soybean. This resulted in a greater slwoaidt ratio with biochar application in soybeanda
Rondon et al. (2007) made a similar observatioh eitmmon beans.

Root nodulation in soybean was lower, as were gigd of individual soybean plants and the
protein content in the forage when biochar wasiagdpindicating possible inorganic N limitation in
soil. Nitrate-N availability did not show trend0(8) or was reduced with biochar (2009). Greater
plant uptake is not likely and ammonium-N availapivas greater when biochar was applied. Thus it
is possible that nitrification was impeded withdhar application. This could be related to the very
wet conditions which prevailed in 2009. Biochar basn shown to increase nitrification in forestsoi
where nitrification is often inhibited by the prese of phenolic compounds, for example, but this is
not the case in agricultural soils (DeLuca et2006). Greater losses of nitrate-N by leaching are
unlikely (Major, 2009; Major et al., 2009b).

Calcium availability was reduced with biochar apgifion and K and Mg availability was
generally greater with biochar. However, foragelysis showed slightly lower contents of Ca, K and
Mg in plants grown with biochar. This is likely dt@the fact that these cations are not expectée to
limiting at this pH, so greater availability didtrlead to greater uptake. Availability of Mn wagter
in the control plot and this is inconsistent witle bbserved increase in pH in the control, as tegor
from one laboratory. Total and available P werénbboiver when biochar had been applied.
Mechanisms for this are unclear. Phosphorus avbiijais not expected to impact crop yield in this
soil, since it is considered to be P-saturatedt{®aand Sims, 2000). A reduction in total P mestit
from a net export of P from the system. Crop up@kad explain this, however lower total P with
biochar was observed from the first sampling dat2008, when soybean plants were one month old.
Such a rapid effect of biochar on total P mustivestigated further, since it is also unlikely that
surface runoff losses would produce such a rapidedese. Lower P availability with biochar
application is consistent with lower pH in thisatmment, as determined by one of the laboratories.

The mechanism underlying the yield increases olsenere remain unclear. Greater percent
root colonization by endomycorrhizal fungi with biar measured in 2009 may have improved zinc
(Zn) availability, for example (no data on soil dahle zinc was obtained). At this soil’'s pH, Zn
availability is low.

The forage analysis in 2009 shows that sugar abmias slightly lower when biochar had
been applied, and trends in °Brix readings of figltht leaves were unclear for both crops. This is
consistent with the slightly lower relative feedatjty calculated from forage analysis data.

Biochar effects on soil organisms
The active bacterial biomass was usually simitaslightly higher where biochar had been
applied compared with the control (Fig. 23b), amddal biomass was not different. This is consistent

with the similar lack of clear trends in respiratiof field-moist or rewetted soil. Others also oled
no increased soil respiration with biochar additioriaboratory incubations (Bruun et al., 2009;
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Kuzyakov et al., 2009; Spokas et al., 2009). Atsthe field, Major et al. (2009a) found greater
respiration when biochar was applied, but attridukes difference to greater plant productivity waer
biochar had been applied. However, differencedantgproductivity were much greater than in this
experiment.

Biochar has been suggested to provide a substrageil microbiota to colonize, while being
protected from predators (Warnock et al., 2007g3fand Rillig, 2009). In this study, fungal and
bacterial biomass was similar or slightly greatéhwiochar application as compared to the control,
while the number of nematodes, and specificallydréad and fungal feeders, was also greater. Bhis i
in agreement with the “refugia” hypothesis. Theseaaf the “spike” observed on 22 June 2009 for
some microorganisms is unclear.

Biochar effects on soil C

Organic matter was measured by loss on ignitiddb@¢fC in air. At this temperature, not all of
the biochar material is expected to be lost, tlesslting in an underestimation of the organic nmatte
content in the biochar-amended plot. Total C wasmeasured as greater in the biochar-amended plot
indicating that the application rate of approxinha®9 t/ha did not yield any measurable differece
in soil C content. This has important implicatidos potential C offset trading using biochar
technology.

Biochar effect on soil physical properties

Soil bulk density was greater when biochar had lzggaied, contrarily to what would be
expected both from biochar application to a clanicand greater earthworm density. In this clay loam
soil, effects of biochar on soil moisture retentaoe expected to be modest or absent (Tryon, 1948;
Major, 2009), contrarily to loam and sandy soilsydn, 1948; Chan et al., 2007; Novak et al., 2009).
Indeed soil moisture measured over two years digimow any trends between treatments, and oat
leaf temperature in 2009 did not differ either. Begn leaf temperature in 2008 was slightly lower
when biochar had been applied, indicating thabhat year biochar might have improved the
availability of water, which is lower for a giverager content in clay as opposed to sandy soilseMor
studies are however needed to confirm this. Sudadenfiltration was improved considerably where
biochar was applied, as also shown by others (étsal., 2009; Major, 2009). While biochar reduced
the tensile strength (ease of penetration) of astralian hard-setting soil (Chan et al., 2007)effect
was observed here.

Contrarily to concerns which have been voiced slodtapplication of biochar could
potentially reduce the albedo (reflectivity) oflspcausing them to absorb more heat from the sun,
thus aggravating global warming, no clear trendsoihtemperature were observed here over two
years. Soil temperature was actually lower whechso had been applied, on several occasions.

Conclusions
Biochar was successfully applied using a commeEliai@ spreader, although wind losses of
the fine material were large and best managemehhigues, such as wetting the material prior to

handling, must be developed. Soybean and foradgsyreere improved, although forage quality was
slightly lower when biochar was applied. In theecasoybeans, the yield increase was brought abous
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by greater plant population density, and not gresg¢ed production per plant. Available soil nutrien
availability data does not allow the explanatiorob$erved yield increases. Biochar reduced tothl so
P content, and this requires further investigagen that this soil is considered P-saturatedrRand
management is critical in this ecosystem. The appbn of approximately 3.9 t biochar/ha did not
produce measurable increases in total soil C drespiration. It must be kept in mind that stadisit
analyses could not performed due to the lack adaamzation and replication, thus these data must be
considered preliminary and further field studies maquired to fully understand the effects of barch
application on soils of this temperate region. @pplication rate used here was also low and greater
rates along with different biochar materials muestésted.
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