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B. Abstract

Although many studies have demonstrated that biochar can deliver agronomic benefits
such as increased soil water and nutrient retention, increased fertility, and increased yield,
these experiments are frequently small-scale and short-term. Furthermore, biochar has
been observed to have the most significant benefits on crop growth in marginal soils, such
as those with low fertility, coarse texture, contaminated, highly acidic, or receiving limited
fertilizer and irrigation water inputs. This study aimed to determine the impact of biochar
soil amendments on the fate of nitrogen and processing tomato production in two fertile
soils in a Mediterranean climate. The effects of biochar on soil health and dust emissions
were also considered. Seven biochars produced from different feedstocks at different
temperatures were used in experiments at the microscopic, lab bench, pot, and field
scale. The results indicate that biochar may confer limited agronomic benefits in fertile
soils in Mediterranean climates. While there were no tangible agricultural improvements



nor significant impacts on nitrogen fate in this study, biochar may deliver benefits not
captured in conventional agronomic measures. For example, this project demonstrated
that biochar may provide soil health benefits in agricultural soils in a Mediterranean
climate. However, increased soil health may not increase agricultural production within
three years. Furthermore, soil health benefits were not consistent across soil texture and
biochar type. Because biochar characteristically has low bulk density and high porosity,
the material is susceptible to atmospheric release via natural or mechanical soil
disturbance. This does not represent any inherent problem with biochar but serves as a
reminder that proper measures should be taken to safeguard the health of those handling
and applying biochar.

C. Introduction

The ability of biochar to chemically and physically alter soil environments for specific
agronomic benefits is the subject of increased investigation, as evidenced by the recent
rise in published biochar studies' and United States trademark and patent applications
listing the word “biochar.”? Biochar, or the carbonaceous material created from the
thermochemical conversion of biomass in an oxygen-limited environment,® possesses
unique chemical and physical properties, determined by variables such as its feedstock,
production method, and production temperature. This process has clear waste
management benefits and has been demonstrated to reduce greenhouse gases in
multiple life cycle assessments.*® Biochar properties typically include a low bulk density,
high porosity, high surface area, reactive surface functional groups, and recalcitrant
carbon.” These attributes make it a promising material for amendment to agricultural soils;
biochar has been reported to deliver a suite of agronomic benefits when added to
agricultural soils, including increased soil fertility,® increased soil water content,® and shifts
in the soil chemical or microbial environment.'®'" These benefits are often reported to
increase crop yield, though results are inconsistent and vary widely. While many studies
demonstrate increased yield following biochar addition,'%1213 others show little to no
effect,’#'6 and in some rare cases, negative effects have been reported.'” The efficacy
of biochar to deliver agronomic outcomes depends on variables such as feedstock,
production method, and production temperature, as well as soil, climate, and cropping
conditions.

Despite increased interest and investigation, biochar's ability to deliver these agronomic
benefits remains uncertain. While many studies show promising results where nutrient
retention and soil water dynamics are concerned,®'8-22 others have demonstrated no or
only minor effects.'41623 Several authors have concluded that, due to differences in
biochar production parameters and those of the soil environment, material and site-
specific investigation are required before conclusions can be drawn about the potential of
biochar to provide agricultural benefits.?4-26

Improvements in crop yield from biochar addition are frequently hypothesized to result
from increased soil fertility, though biochar is not specifically a fertilizing material. While
there may be short-term yield gains from the release of biochar-bound nutrients,?” or
slight, temporal gains from the weathering of endogenous biochar nutrients, ¢ it is widely
accepted that biochar should be used in conjunction with synthetic fertilizer, compost, or
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manure.??2-31 When applied to soils, biochar may enhance soil fertility by increasing
cation exchange capacity (CEC), as negatively charged biochar surfaces adsorb to
cations such as magnesium (Mg?*), potassium (K*), and calcium (Ca?*).3233 Biochar has
also been observed to bond covalently with ammonium (NH4*)."® While a chemical affinity
between biochar and nitrate (NO3) is uncommon due to electrostatic repulsion,3* biochar
pores may physically entrap nitrate, making it more available for plant uptake.?'31.35 As
most biochars are alkaline, a shift in pH via a liming effect can also improve soil fertility
by reducing aluminum toxicity or increasing phosphorous availability in soils of low pH.20-36
Within studies that report a biochar-associated increase in soil fertility, the effect on crop
yield is mixed, with some demonstrating increased yield,'%'232 minor or temporary
increases, 3" soil-texture specific increases,33383% or no effect on yield.®4° Still other
studies report no effect of biochar on soil fertility at all.#14?

The influence of biochar on soil water dynamics may also increase crop yields, though
results appear largely dependent on soil texture. A recent meta-analysis concluded that
biochar substantially increased soil water content at field capacity and permanent wilting
point in coarse-textured soils.*® Multiple authors have concluded that, overall, sandy soils
have a greater response to biochar addition than finer-textured soils.>*3® Despite these
observed trends, biochar has been reported to improve soil water dynamics even in fine-
textured soils. In field trials, biochar was observed to reduce maize crop water stress and
increase yield in a silt loam,** prevent soybean crop loss in years of reduced precipitation
in a sandy clay loam,*> and increase wheat yield and quality under multiple deficit
irrigation regimes in a silty clay loam.*® By contrast, one study demonstrated that biochar-
associated water savings in a clay soil were insufficient to reduce crop water stress or
lead to increased maize yields.#” Other authors have reported little to no effect, or
transient effects, of biochar on soil water dynamics at the field-scale.'# 154

The conditions in which biochar appears to deliver the most consistent agronomic benefits
are those in which soils require conditioning or remediation for the successful growth of
crops. A global meta-analysis concluded that biochar boosts yields in the tropics by 25%,
but overall has no effect on yield in temperate latitudes.*® Arable tropical soils are typically
characterized by acidity, low fertility, and receive limited fertilizer inputs, and therefore
may have the most to gain from the addition of biochar. Though the liming effect of biochar
is widely reported,?® it has been observed that up to 50 tons of biochar per hectare may
be required to match the fertility benefits of just 3 tons per hectare of dolomite.*® Biochar
has also been observed to improve yields in saline and sodic soils, through the sorption
of sodium (Na*) or by releasing non-sodium base cations to decrease exchangeable
sodium percentage.’*-52 Similarly, biochar can immobilize heavy metals or organic
pollutants, thereby increasing yields and reduce the concentration of contaminants in crop
biomass.?®54 Collectively, this research suggests biochar has a promising role in
remediating or conditioning soils that may otherwise pose challenges for agricultural
production. However, applying biochar to temperate and fertile cropping systems appears
to have fewer agronomic benefits.*®

A lack of field-scale experiments is another challenge to determining if biochar may

deliver agronomic benefits. One literature review concluded that, of nearly 800 studies
evaluated, approximately 25% were conducted in the field.?* Of those field studies, more
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than 50% were in plots less than 20 m? and under investigation for one year or less. This
review highlights the limitations in biochar research, which pose obvious challenges to
extrapolating results to production-scale agriculture. Indeed, it has been observed that
laboratory results do not necessarily scale, as in Jones et al. (2012), where the short-term
effects of biochar on soil and plant growth reported from laboratory studies were not
observed in a three-year field trial using the same soil and biochar. Fortunately, there
have been a number of large-scale field trials spanning 3 or more planting seasons
published in recent years: Hale et al., 2020; Jin et al., 2019; Katterer et al., 2019; Liu et
al., 2019; Madari et al., 2017; McDonald et al., 2019; Nan et al., 2020; Oladele, 2019;
Pandit et al., 2018; Sadowska et al., 2020; and Sanchez-Monedero et al., 2019. While
multiple studies demonstrated the potential of biochar to remediate or condition low-
quality agricultural soils,36-47-5% benefits have also been observed in fertile soils,'® though
these are frequently limited in size or duration.1.15:3745 |Inconsistencies emphasize the
need for increased field-scale, long-term, and location- and material-specific research to
inform the use and regulation of biochar in working lands.

D. Objectives

The overarching objective is to provide baseline data specific to CA regarding the
potential for biochar to provide benefits as a soil amendment for increasing nutrient
retention, C sequestration, and improving drought resilience for agriculture in CA’s
Central Valley. Specific project objectives are:

1. Characterize biochars produced from biomass locally available throughout
California;

2. Evaluate the impact of biochar amendments on soil-water dynamics, fertilizer
inputs, nutrient use efficiency (including leaching), carbon stocks, soil
aggregation, and crop productivity;

3. Evaluate soil conditions and biochar parameters, including biochar and
fertilizer application rates, which are most likely to lead to beneficial outcomes
from biochar soil amendments; and

4. Conduct a life cycle analysis to obtain clear and objective information
regarding the use of biochar in California agriculture.

Table 1. Project work plan

Year

Tasks and Other Activities 1 2 3
Task 1: Produce and characterize biochar N4

Task 2. Field trials in Yolo and Fresno Counties JIVIVIVI
Task 3. Lab and Greenhouse Bioassays JIVIVIVIVY
Task 4. Economic analysis of biochar amendments in CA. JIVIV
Task 5. Conduct an outreach program VIVIVIVIVIV
Interim, Annual, and Final Reports to FREP N4 N4 V4
Presentations to stakeholders and publication preparation v v
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E. Methods

E.1 Biochar characterization

Seven biochars from four commercial companies were obtained from the following
feedstocks and produced at the following temperatures: almond shell at 500 and 800 °C
(AS500, AS800), coconut shell at 650 °C (CS650), softwood at 500, 650, and 800 °C
(SW500, SW650, SW800), and an additional softwood biochar produced at 500 °C and
inoculated with a microbial formula (SW500-1). Unless otherwise stated, biochars were
sieved to 2 mm and characterized using procedures recommended by the International
Biochar Initiative (IBI, 2015): pH and electrical conductivity (EC) were measured at a 1:20
biochar to 18.2 MQ-cm water (Barnstead nanopore, Thermo Fisher) dilution (w:v) after
solutions were shaken for 90 minutes; total carbon, nitrogen, hydrogen, and oxygen were
measured using a dry combustion-elemental analyzer (Costech ECS4010); and moisture,
volatile, and ash content were measured as a percent of total dry weight through
sequential increases in furnace temperature (105, 750, and 950 °C, respectively). Particle
size distribution was measured by laser diffraction (Coulter LS230). CEC was measured
using a combination of the modified ammonium acetate compulsory displacement
method®” and the rapid saturation method:%85% 0.25g of biochar was leached with 18.2
MQ-cm water (w:v) under vacuum (-20 to -40 kPa). Leachate was stored and analyzed
for dissolved organic carbon (DOC) through combustion (Shimadzu TOC-V). Biochar
samples were then washed with 1 M sodium acetate (pH 8.2) until the EC of the elute
was the same as the eluant. Samples were rinsed three times with 10 ml of 2-proponal,
then dried under vacuum for 10 minutes. To displace sodium ions, biochars were washed
with 1 M ammonium acetate in the same volume as was required sodium acetate.
Leachate was collected and analyzed for sodium concentration through atomic absorption
spectroscopy (Perkin Elmer AAnalyst 800).

The specific surface area was determined by Micromeritics’ Particle Testing Authority
(https://www.particletesting.com/) from CO2 adsorption isotherms according to the
Brunauer, Emmet, Teller (BET) method.®® Fourier transform infrared (FTIR) spectra of
AS500, AS800, and SW500 biochars were collected using diffuse reflectance infrared
Fourier transform spectroscopy (DRIFT; PIKE Technologies EasiDiff) with air-dried
samples diluted to 3% with potassium bromide. All FTIR spectra were collected using a
Thermo Nicolet 6700 FTIR spectrometer (Thermo Scientific) using 256 scans, 4 cm™'
resolution, and a DTGS detector. FTIR bands were assigned as in Parikh et al. (2014).
Gross morphological differences among AS500, AS800, and SW500 were visualized by
X-ray micro-computed tomography (X-ray microCT) at the Lawrence Berkeley National
Laboratory Advance Light Source on beamline 8.3.2, using a beam energy of 21 KeV.
Biochars were sieved to 2mm and mounted in syringes of 8.3mm diameter for imaging. A
total of 1025 projections were acquired using continuous tomography mode with a 4x
objective for a final pixel size of 1.7 pm.Images were reconstructed using
Gridrec methods via TomoPy and Xi-CAM.%283 Image analysis was completed in
Dragonfly, a 3D image analysis software free for non-commercial use (Object Research
Systems, Canada).

E.2 Soil characterization
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Hanford sandy loam (HSL) and Yolo silt loam (YSIiL) soils were chosen for continuity
between laboratory experiments and ongoing field trials. Collectively, these soils
represent over 260,000 hectares of arable land in California and offer textural distinctions
within a range of soils commonly farmed in the Central Valley of California.®* Soils were
located via Web Soil Survey (http://websoilsurvey.sc.egov.usda.gov/) and collected from
the top 30 cm in fallowed agricultural fields in Parlier, California (HSL) and Davis,
California (YSIL). Soils were homogenized and sieved to 2 mm for characterization and
column experiments. Colorimetric NOs and NH4" measurements were made according
to Doane and Horwath (2003) and Verdouw et al. (1978) (Shimadzu UV-1280).
Extractable P was measured using the Olsen sodium bicarbonate extraction.®”
Concentrations of potassium, calcium, magnesium, and sodium were measured by
extracting 4 g of soil with 40 ml of 1 M ammonium acetate on a shaker for 30 minutes.
Nutrient concentrations of filtered extracts were determined through atomic absorption
spectroscopy (Perkin Elmer AAnalyst 800). Total porosity was calculated as the pore
volume divided by the total soil volume in representative cores. Pore volume was
determined as the difference in weight between saturated and oven-dried (105 °C for 24
h) cores. The pH and EC of soils with and without biochar were measured via 1:2 soil to
18.2 MQ-cm water (w:v) dilution, after 15 minutes on the shaker and 60 minutes at rest.%®
Soil texture analysis was performed by the Analytical Lab at the University of California,
Davis (Davis, CA, USA) using the hydrometer method.%°

E.3 Sorption experiments

To investigate the ability of biochar to adsorb ammonium and nitrate, 0.1 g of biochar was
added to 40 ml of solution containing either 0, 50, 100, 200, 400, or 600 mg L' of NO3-
(as KNO3) or NH4* (as NH4Cl), along with method blanks. All solutions were prepared in
5.84 mg L' NaCl and, as in Hale et al. (2013a), spiked at 1% volume with a stock solution
of 20 g L' of the bactericide sodium azide. All sorption experiments were performed in
triplicate at 22 + 1 °C. Tubes were placed on an end-over shaker at 8 rpm for 24 h.
Supernatants were passed through a 0.45 ym filter and analyzed for colorimetric NO3
and NHs* (Shimadzu UV-1280).55% Single-point sorbed ion concentration was
determined at initial concentrations of 100 mg NOs- or NH4* g' biochar using Eq. (1).

_ CoVo—CyVy¢
= 2 ff (1)
Here, q is the sorbed ion concentration (mg g™'), Co and Cr are the initial and final sorbate
concentrations, respectively (mg L"), Vo and Vs are the initial and final solution volumes,
respectively (L), and m is the mass of biochar (g). Multiple equations were tested to model
the adsorption isotherms, with the Freundlich equation (Eq. (2)) demonstrating the best
fit based on r? values.

q =K, 2)

Here, g and Crare the same as in equation 1, Ks is the Freundlich constant (mg g'), and
1/n is the degree of nonlinearity of the isotherm. Excel was used to determine the
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parameters for the equations. Using batch sorption results, AS500, AS800, and SW500
were selected for further experimentation.

E.4 Column experiments

To investigate the influence of biochar on saturated hydraulic conductivity (Ksat), constant
head column experiments were performed in five replicates using the 5 station
Chameleon Kit (Soilmoisture Equipment Corporation (SEC) 2816GX). SEC tempe cells
were packed with soils amended with 0 and 2% (w/w) AS500, AS800, or SW500 biochars,
to a bulk density of 1.34 + 0.02 g cm™. An application rate of 2% was chosen as the
midrange of those represented in similar experiments.® Columns were saturated for 24 h
before the start of each experiment. Each column was gravity-fed a solution of 11.1 mg
L-' CaClzat a pressure head of 34 cm for 10 pore volumes. Ksat was calculated using data
produced by SEC pressure transducers and PressureLogger software, which monitored
head and flow over time. Columns were also used to investigate the nutrient retention
and leaching in HSL amended with 0 and 2% biochar. Native soil nitrogen was flushed
for 10 pore volumes with 11.1 mg L' CaClz, after which 50 mg L' of both NO3~ and NH4*
(as NH4Cl and KNOs) was gravity-fed through columns for 15 pore volumes. Leachate
was collected every 0.5 pore volumes and analyzed for colorimetric NO3s- and NH4* as in
sorption experiments.566

E.5 Growth chamber trials

To screen biochars for their effect on plant growth, romaine lettuce (Lactuca sativa) was
grown in 4.5 kg of Hanford Sandy Loam (HSL) completely mixed with 2% (w/w) AS500,
AS800, CS650, SW500, SW500-I, SW650, SW800, a raw, unpyrolyzed almond shell
(AS), or a soil-only control (NO), in four replicates. Romaine was chosen for its short
growing period and its small size. HSL was chosen for continuity between growth
chamber and field trials. The pH and EC of each soil and biochar mixture were taken at
time 0, using a 1:2 soil to water ratio (w/v) after 15 minutes on the shaker and 60 minutes
equilibration.®® The growth chamber was illuminated for 12 h per day and kept at 22 + 1
°C. Lettuce was transplanted into pots 20 days after seeding. In three separate fertilizing
events, each pot received 400 mg N kg™ (as NHsNO3), 100 mg P kg' (as KH2PQOs4), and
200 mg K kg (as KH2PO4 and K2SQOs4). Pots were watered to 50% of water holding
capacity every 2-3 days. All aboveground biomass was harvested 45 days after
transplanting. Plants were weighed, oven dried at 60 °C, and ground to a fine powder.
Milled lettuce samples were analyzed for total C and N using a dry combustion-elemental
analyzer (Costech ECS4010).

E.6 Field site and management

Identically designed trials, approximately 0.5 hectares each, were established in two
California locations: (1) Davis (Yolo County), in a Yolo Silt Loam (YSIL): Fine-silty, mixed,
superactive, nonacid, thermic Mollic Xerofluvent,” and (2) Parlier (Fresno County), in a
Hanford sandy loam (HSL): Coarse-loamy, mixed, superactive, nonacid, thermic Typic
Xerorthent.”? Field sites were chosen within the heavily-farmed Central Valley to provide
agricultural soils with contrasting textures. Collectively, these soils represent over
260,000 hectares of arable land in California.5 Each trial was designed as a randomized
complete block, with three blocks and one replicate per block of the following
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combinations of treatments, in plots measuring 4.6 m wide (3 beds) and 6.1 m long: One
of seven biochars (AS500, AS800, CS650, SW500, SW500-I, SW650, SW800), a raw,
unpyrolyzed almond shell (AS), or a soil-only control (NO). Treatments were subsurface
banded at one of two rates (low: 2.3 t ha™' or high: 4.6 t ha™'), in conjunction with one of
two fertilizer rates in split plots (low: 168 kg N ha' or high: 252 kg N ha'). Biochars were
amended to soils in a single application event in October 2017, by hand application into
trenches 25-30 cm in depth. Trenches were created and left open following the installation
of subsurface drip tape. One subsurface drip line was buried at the center of each bed
and remained in place for the duration of the three-year trials. Biochar-filled trenches were
immediately closed, burying the concentrated biochar at the center of the bed. This
application technique places the biochar directly above the drip tape and within the rooting
zone of the plant, in order to collocate it with irrigation and fertigation. It also allows the
simulation of high application rates in the rooting zone (approximately 22.8 and 45.6 t ha
) while using less biochar in the field overall. A visual schematic of this application
method is provided in Santos-Medellin et al. (2021).73

Fields were managed under processing tomato (Solanum lycopersicum) production using
common practices’ for three consecutive growing seasons from 2018 to 2020. Tomatoes
were transplanted in late April or early May each year, except in 2018 in Parlier, where
planting was delayed until early June due to challenges in field preparation. Tomatoes
were transplanted in one row per 1.5 m wide bed. Tomatoes were irrigated to 100% of
evapotranspiration demand as determined by a Tule Evapotranspiration Tower
(www.tuletechnologies.com/). Urea-ammonium-nitrate 32 (UAN-32) was fertigated
through the drip tape in five different events throughout the growing season, to a total of
168 or 252 kg N ha'. Fertilizer rates were selected at the low and high ends of the
recommended range for processing tomatoes.”* Potassium thiosulfate was applied at a
rate of 39.2 kg K ha™' 83 days after planting. Broadly, Dual Magnum, Treflan, and/or
Round-Up were used to treat weeds. Advise 4, Coragen, Platinum, and/or Admire were
used for pest control. The quantity and timing of pesticide application varied by season
and location, following common regional practices.’

E.7 Plant sampling and analysis

Plants were harvested at the end of August, except in 2018 in Parlier, when the harvest
was delayed until October due to late planting. All aboveground biomass was harvested
from three plants in the center of each plot. Red fruit, green fruit, and vines were
separated and weighed, and a subsample of each was kept for analysis. The fruit was
blended, freeze-dried, and ground, while vines were oven dried at 60 °C and ground. All
powdered plant tissues were analyzed for total C and N using a dry combustion-elemental
analyzer (Costech ECS4010). Tomato yields are reported in terms of fresh weight, with
red fruit weight reported as marketable yield, and red + green fruit reported as total yield.

E.8 Soil sampling and analysis

Before establishing field trials, baseline soil samples were taken from each location down
to 30 cm in September 2017. Samples were kept on ice until they could be transferred to
a 4 °C refrigerator, after which they were sieved to 4 mm and analyzed within one week.
NOs and NH4* were extracted with a 1:5 soil to 0.5 M potassium sulfate solution dilution
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(w/v) and measured colorimetrically according to Doane and Horwath (2003) and
Verdouw et al. (1978), respectively, on a spectrophotometer (Shimadzu UV-1280). The
following analyses were performed on air-dried soils. Total C was measured using a dry
combustion-elemental analyzer (Costech ECS4010). Extractable P was measured using
the Olsen sodium bicarbonate extraction.®” Concentrations of K*, Ca?*, Mg?*, and Na*
were measured by extracting 4 g of soil with 40 ml of 1 M ammonium acetate on a shaker
for 30 minutes. Nutrient concentrations of filtered extracts were determined through
atomic absorption spectroscopy (Perkin EImer AAnalyst 800). The pH and EC of soils
with and without biochar were measured via 1:2 soil to 18.2 MQ-cm water (Barnstead
nanopore, Thermo Fisher) dilution (w:v), after 15 minutes on the shaker and 60 minutes
at rest . Soil texture analysis was performed by the Analytical Lab at the University of
California, Davis (Davis, CA, USA) using the hydrometer method.®® Soil moisture content
was reported as the difference in soil weight before and after 24 h in a 105 °C oven.

During the three-year field trials, soil sampling was performed directly after harvest each
fall. Because the drip tape remained buried 25-30 cm below the soil surface for the
duration of the experiment, probes were taken 13-18 cm on either side of the bed’s center.
Each sample was composited from three Giddings probe samples taken to 90 cm and
subsequently separated into three depths: 0-30, 30-60, and 60-90 cm. A total depth of 90
cm was chosen to investigate the effects of biochar deeper into the soil profile than is
conventionally explored. For ease of discussion, and because biochar had the greatest
effect from 0-30 cm, only that depth is presented here. Samples were kept on ice until
they could be transferred to a 4 °C refrigerator, after which they were sieved to 4 mm and
analyzed within one week as described above.

E.9 Statistical analyses

The trials at Davis and Parlier were analyzed separately to detect the effect of biochar
within each location. All data were analyzed as a randomized complete block design with
split plots using mixed models and four-way analysis of variance (ANOVA) in the Ime4
and Tidyverse packages in R.”>’" Blocks, split plots, and subplots were considered
random effects, with all treatment factors (biochar type, biochar rate, fertilizer rate, and
year) considered fixed effects. Two separate models were built for each response
variable. The first included each biochar as well as the unamended control. The second
averaged all biochar treatments together, to test the overall effect of adding biochar
compared to the unamended control. Both sets of models tested treatment factors
individually and the interactions between them. All effects with p-values < 0.05 were
considered statistically significant. P-values were generated using the emmeans package
in R and corrected for multiple comparisons using Tukey’s honestly significant difference
(HSD) method.”® Scatter plots were generated in R using the ggplot2 package.”® and are
visualized as the mean, with error bars representing the 95% confidence interval of the
mean.

All data for the column experiments were analyzed with mixed models and two-way

analysis of variance (ANOVA) in the stats and Tidyverse packages in R.”>76 If a significant
interaction between the fixed effects (biochar and soil type) was found, the effect of
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biochar within each soil type was analyzed separately. For analysis of results, all effects
with p-values < 0.05 were considered significant. P-values were generated using the
emmeans package in R”® and corrected for multiple comparisons using Tukey’s honestly
significant difference (HSD) method. Plots were generated in R using the ggplot2
package’® and visualized as the mean plus or minus the standard error of the means.

E.9 Literature review approach for study on biochar dust emissions

Web of Science was searched using “biochar AND dust OR toxicity OR health.” Studies
regarding materials similar to biochar, such as hydrochar, soot, and carbon nanotubes,
were excluded, as were studies concerning aquatic environments and waste water
treatment systems. There are few studies regarding biochar-induced dust emissions due
to the emerging nature of this field, though all available publications concerning this topic
were included. Publications regarding biochar polycyclic aromatic hydrocarbons (PAHS),
the ability of biochar to bind to soil contaminants, and the ecotoxicological effect of
biochar, however, are increasingly available. While the authors were careful to include a
representative sample of these works, with an emphasis on review papers, recent
publications, and studies that investigated multiple biochar production parameters and
multiple contaminants, the list of studies included here is not exhaustive. The purpose of
this review is not to provide a quantitative assessment, but rather to highlight an emerging
environmental concern. As such, a selection of publications was included which
contribute to the overall objectives of summarizing the current state of knowledge and
highlighting areas for future study.

F. Results

Objective #: 1, Task 1: Produce and characterize biochar

Tasks activities and accomplishments:

Biochar production was completed in August 2017. These seven biochars were
produced by working with commercial biochar companies to obtain local CA feedstocks
and produce biochar at specified temperatures. Feedstocks include softwood, almond
shell, and coconut shell. One biochar with a microbial inoculant was also obtained.
Biochar characterization was completed in 2020 (Table 2), with FTIR analysis and
microCT imaging added in 2021 (Figure 1).

Results for each task:

Biochars exhibited a broad range of chemical and physical properties depending on
their production temperature and feedstock (Table 2, Figure 1). Generally, increased
production temperature was associated with higher ash content, pH, electrical
conductivity (EC), and surface area, as well as decreased carbon, hydrogen, and
dissolved organic carbon. These trends are consistent with those of a recent meta-
analysis on temperature and biochar properties. Softwood biochars produced at 500
and 800 °C had substantially higher surface areas than almond shell biochars produced
at the same temperatures. All biochars contained less than 1% nitrogen, spanning from
SW800 at 0.13% to CS650 at 0.79%. Almond shell biochars contained 4-6x more
nitrogen than softwood biochars produced at the same temperature. Overall, AS800
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possessed the most unique properties, with the lowest carbon content at 35.3%, the
highest ash content at 55.4%, the highest EC at 27.2 mS cm', and a basic pH of 10.13.
Contrary to trends observed in the literature regarding high-temperature biochars,
ASB800 had the highest O/C ratio at 0.56, and the second highest cation exchange
capacity (CEC) at 53.77 cmolc kg™'. The IR spectra of AS500 and SW500 were notably
similar, with carboxyl and aromatic functional groups present at 1697 and 1703 cm™"
(C=0) and 1410 and 1418 (COO"); aromatic bands around 1580 cm'; C=C skeletal
vibrations; out of plane C-H bending vibrations (700 to 900 cm™') associated with
adjacent aromatic hydrogen bonds; and aromatic C=C and C=0 stretching vibrations
(1581 and 1589 cm™") (Figure 1a). The similarity between these biochars was expected,
as each was produced at the same temperature by the same company via fractional
hydropyrolysis. Additionally, the AS500 biochar included 25% softwood chips to aid the
pyrolysis process. By contrast, AS800 was produced via gasification. AS800 spectra
contained a strong band at 1405 cm™! representing substantial contributions of COOr,
and multiple sharp IR peaks from ~1000 to 700 cm™" arising from metal oxide vibrations
(Figure 1a). The high contribution of O-rich functional groups and metal oxide vibrations
is consistent with the elemental analysis of AS800, which showed high oxygen and ash
content (Table 2). Each biochar was visually distinct at the macroscale (Figure 1b). The
macro-pores (>50 ym) of SW500 were more uniform in size compared to those of
AS500 and AS800 (Figure 1b). The softwood chips added to the AS500 feedstock
matrix are visible in the background and contrast sharply with the almond shells (Figure
1b). The macro-pores of AS800 appeared to increase in size (most visible in the bottom
right of AS800 Figure 1b) due to the collapse of the lacy carbon pores that were visible
in AS500. The increase in production temperature resulted in more binomial pore size
distribution in AS800, with larger macropores as well as an increased quantity of micro-
pores, leading to an overall increase in surface area as confirmed by BET (Table 2,
Figure 1b).

Objective #: 2+3, Task 2: Field trials in Yolo and Fresno Counties

Tasks activities and accomplishments:

In the Winter of 2017, one acre was amended with seven biochars in two locations: UC
Davis Campbell Tract (Yolo County) and at the Kearney Agriculture Research and
Extension Center (Fresno County). The two soils, a Yolo silt loam (YSiL) and a Hanford
sandy loam (HSL) (Table 3), respectively, represent over 500,000 acres of CA soils.
The experimental design is a randomized complete block design (RCBD) with three
blocks and one treatment replicate per block. Biochars were banded, applied in
concentrated trenches directly above the drip tape to maximize contact with irrigation
and fertigation and to minimize application costs. Biochars were applied in two or three
rates. Each treatment was combined with a low (150 Ibs N) and high (225 Ibs N) NPK
fertilizer rate.

Field sites were planted with processing tomatoes each spring in 2018, 2019, and 2020,
and harvested each fall. Soil samples were taken from 0-30 cm, 30-60 cm, and 60-90
cm and analyzed for mineral nitrogen, total carbon and nitrogen, pH, EC, and moisture
content. Plant samples were collected and analyzed for yield as well as total carbon
and nitrogen. A manuscript containing experimental results was completed and
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submitted to Agriculture, Ecosystem, and the Environment in June 2021, where it
remains under review.

A smaller subset of soil samples was taken for a study on the impact of biochar on soil
microbial communities and soil health for 2.5 years in the soil. Samples from the high
N fertilizer rate at the high biochar application rate of the following treatments were
chosen: NO, AS500, AS800, and SW500 (n=3). Microbial community structure was
measured using phospholipid fatty acid (PLFA) analysis at MicrobiallD (Newark,
Delaware), and a complete soil health assessment was conducted by Oregon State
University Soil Health Lab (Corvalis, Oregon). A manuscript with these results is
currently under production.

Results for each task:

Agronomic study: Biochar did not have a significant effect on marketable yield (Figure
2), the percentage of tomatoes determined marketable (ripe yield divided by total yield),
or aboveground biomass N (Figure 3) in either location, at either application rate, in any
year. This was true when biochars were averaged together and when analyzed
separately. Fertilizer rate did not result in differences in marketable yield or ratio in any
year in either location. The primary controls on marketable yield were year and location.
When sites were analyzed together, yields were higher in Davis than in Parlier in years
2 (p = 0.009) and year 3 (p = 0.008). Yields were substantially lower in 2020 in both
locations (each p < 0.001). When averaged across all biochars, there was an increase
in the concentration of soil mineral N (NH4*-N and NOs™-N combined) in Davis in year
3, from 42.9 to 59.1 kg N ha™! (p = 0.012) (Figure 4). When averaged across biochar
rate and fertilizer rate, the following treatments increased mineral N in Davis in year 3:
AS to 72.6 kg N ha™' (p= 0.004), AS800 to 70.6 kg N ha™! (p = 0.009), and SW650 to
70.1 kg N ha! (p = 0.011). In Parlier, when averaged across all biochars at both rates
and fertilizer rates, there was a trend towards increased N in year 3 from 63.3 to 73.7
kg N ha', though the effect was not significant (p = 0.075). No other effects of biochar
on mineral N were detected in Parlier in any year. In both locations, in all years at both
rates, biochar had no effect on postharvest soil moisture content. In Davis, there was
no detected effect of biochar on soil pH in any year (Figure 5). In Parlier, there was a
main effect of biochar and year. The effect of biochar in Parlier was greatest in year 2,
when biochars (averaged together) raised the soil pH from the control at 7.35 to 7.50
(p = 0.044). AS800 had the largest impact in year 2, raising pH to 7.79 (p < 0.001). By
year 3, the effect of AS800 and all biochars averaged together had diminished and were
not significant at p = 0.09 and 0.106, respectively.

Soil health study: YSIL in Davis had more than 3x the total C than HSL in Parlier (1.06%
compared to 0.28% (p = 0.001)) (Table 3). Biochar had a marginally significant effect
on total C in Davis two and a half years after amendment to the soil (p = 0.079) (Figure
6). When each biochar was compared to the control, only AS500 increased total C in
Davis, from 1.06 to 1.20% (p = 0.063). Similar increases in total C were not observed
in Parlier. There was no effect of biochar in either location on DOC or PMC at 24 or 96
h. In Davis, adding biochar increased POXC from the control at 65.0 mg kg™' as follows:
AS500 to 89.4 mg kg™ (not significant at p = 0.533), AS800 to 122.9 mg kg™ (p = 0.054)
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and SW500 to 122.1 mg kg™ (p = 0.056) (Figure 6). Averaged across all biochars,
biochar significantly increased POXC by 46.5 mg kg™ or a total of 71.5% (p = 0.022).
In Parlier, POXC was increased from the control at 76.6 mg kg™ as follows: AS500 to
90.2 mg kg™ (p = 0.018), AS800 to 86.9 mg kg (p = 0.059), and SW500 to 93.3 mg
kg™ (p = 0.007). Averaged across all biochars, POXC was significantly increased in
Parlier by 13.6 mg kg™, or 17.8% (p = 0.002). Davis had more than 3x the total soil N
than Parlier, at 0.103% compared to 0.03%. There was no effect of biochar on total N
or PMN in either location. There was a main effect of biochar on water stable
aggregation (WSA) in Parlier (p = 0.035) though, due to variation within each treatment,
the effects of individual biochars were not significant. AS500 appeared to increase WSA
in Parlier from 28.1 10 42.0% (p = 0.1) and AS800 to 40.4% (p = 0.151). While increases
in WSA were observed across biochars and locations, no statistically significant effects
were detected (Figure 7). YSIL in Davis contained nearly double the PLFA biomass
than Parlier, or 67.5 compared to 34.6 nmol g (Figure 8). Biochar had no effect on
PLFA biomass in Davis, and a marginally significant effect in Parlier (p = 0.095). Due
to variation within treatments, no individual biochar raised PLFA biomass compared to
the control. Averaged across biochars, however, there was a marginally significant
increase in PLFA biomass of 6.23 nmol g in Parlier (p = 0.078). Biochar had no effect
on select PLFA ratios in Davis (Figure 9). In Parlier, AS500 and AS800 reduced
cy17/pre, cy19/pre, and S/U. AS500 and AS800 appeared to reduce G+/G- and
increase F/B, though the effects were not significant (p = 0.236 and 0.121, respectively).
The effect of SW500 on PLFA ratios was minor and not statistically significant for any
ratio in either location.

Objective #: 2+3, Task 3: Lab Trials

Tasks activities and accomplishments:

Sorption trials, column studies, and X-ray micro-computed tomography (micro-CT)
imaging of biochar-amended soils are complete. A manuscript with these experimental
results was prepared and submitted to SOIL in June of 2021, where it remains under
review.

Results for each task:

Sorption: All biochars exhibited the capacity to remove ammonium from solution (Figure
10), though Kt values were low. Single point concentration tests at a Co of 100 mg L™’
revealed the following hierarchy of sorption capacities, in order of lowest to highest:
SW650 < SW500 < CS650 < SW500-1 < AS500 < SW800 < AS800. These q values
spanned 0.70 (SW650) to 7.15 (AS800) mg g, or removal efficiencies of 0.70 and
7.15%. AS800 exhibited the greatest Kr value at 0.16 mg NH4* g'. Isotherms for nitrate
and biochar are not provided, as only AS500 exhibited the capacity to remove nitrate
from solution. The other six biochars released, rather than removed, nitrate. For AS500,
the single point concentration test at a Co of 100 mg L' revealed a removal efficiency
of 1.74% ora q of 1.74 mg g™

Soil columns: There was a main effect of biochar and soil texture, as well as a
significant interaction between biochar and soil texture, on saturated hydraulic
conductivity (p = 0.001, < 0.001, and 0.006, respectively). In HSL soil, AS500 and
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SW500 each decreased Ksat by 75%, from the control at 1.2 cm s"to 0.3 cm s (p =
0.023) (Figure 11). AS800 caused a 12.5% decrease in Ksat to 1.05 cm s, though the
effect was not significant (p = 0.939). In YSIL soil, AS500 decreased Ksat by 63.6%, from
the control at 0.044 cm s to 0.016 (p < 0.001). SW500 caused a decrease of 79.5%,
to 0.009 cm s (p < 0.001). In contrast to its effect on HSL, AS800 increased Ksat in
YSIiL by 97.7%, to 0.087 cm s (p < 0.001). Figure 12 illustrates the ammonium and
nitrate breakthrough curves for HSL amended with 0 and 2% AS500, AS800, and
SW500. Biochar affected the timing and quantity of ammonium (introduced in pore
volumes 11-25 at 50 mg L") leached from the soil column (Figure 11a). The estimated
breakthrough point, or the pore volume at which the concentration of the leachate
equals 0.5x the concentration of the incoming solution (C/Co = 0.5), was reached as
follows, in order of fastest to slowest for ammonium: HSL at pore volume 14.3, SW500
at 15.5, AS500 at 16.2, and AS800 at 18.1. Biochar also significantly decreased the
total amount of ammonium in the leachate at all pore volumes, as follows, in order of
least to most retention: HSL < SW500 < AS500 < AS800 (Fig. 13). At pore volume 15,
AS500 decreased the ammonium concentration of the leachate compared to the control
(HSL = 37.33 mg L") by 30.5% (p < 0.001), AS800 by 78.1% (p < 0.001), and SW500
by 24.4% (p = 0.002). This effect was diminished by pore volume 25, where differences
from the control (HSL=41.69 mg L') were decreased to 21.8% by AS500 (p < 0.001),
28.9% by AS800 (p < 0.001), and 8.5% by SW500 (not statistically significant at p =
0.463).

Estimated nitrate breakthrough points for biochar amended soils were each within 0.5
pore volumes of the control (pore volume 11.4), indicating that biochar had little to no
effect on the timing of nitrate release from HSL. The effect of biochar on the total
quantity of nitrate released was also less substantial than for ammonium (Figure 12).
Only SW500 significantly decreased the concentration of nitrate in the leachate
compared to the control. At pore volume 15, SW500 inhibited nitrate transport by
35.01% (p = 0.002) (Figure 13). This effect was not present at pore volume 20 and was
slightly lessened to 26.5% by pore volume 25 (marginally significant at p = 0.098).

Objective #: 3, Task 4: Economic analysis of biochar amendments in CA

Tasks activities and accomplishments:

In the winter of 2018, a review of literature related to life cycle assessments (LCAs) of
biochar and gasification/pyrolysis systems was conducted. In collaboration with Dr.
Alissa Kendall at the University of California. This work is ongoing, to be completed by
a graduate student in the Kendall Industrial Ecology Lab.

Results for each task:
NA

Objective #: 4, Task 5: Conduct an outreach program

Tasks activities and accomplishments:
Details of all outreach activities are highlighted in Section J below.
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G. Discussions and Conclusions

Scientists, policymakers, and growers are increasingly interested in the use of biochar, or
pyrolyzed biomass, as an agricultural soil amendment. The number of published biochar studies
has increased at a near-exponential rate, from one publication per annum in the early 2000s,
to over 4,100 in 2020. Policymakers have also taken notice, resulting in biochar being included
as a leading natural climate solution in the 2018 International Panel on Climate Change (IPCC)
Special Report, and in California, the creation of the Biochar Research Advisory Group by the
Governor’s Office of Planning and Research. As scientific and policy interest in biochar grows,
so does the biochar market's size. Since 2009, 920 patent applications mentioning biochar have
been submitted to the United States Patent and Trademark Office. While interest in biochar is
evident, many questions remain about the efficacy of biochar as a soil amendment.

Due to its high surface area, low bulk density, reactive surface functional groups, and
recalcitrant carbon, the material is purported to deliver many agronomic and environmental
benefits when added to the soil. These benefits include increased water-holding capacity,
nutrient retention, crop yield, soil carbon stocks, enhanced microbial activity, and the promotion
of soil health. Despite the proliferation of biochar studies, research shows inconsistent results
on the ability of biochar to deliver these benefits due to differences in biochar feedstock,
production methods, soil properties, climate, and cropping systems. It is especially difficult to
interpret results for the fertile agricultural soils of California’s Mediterranean climate, as biochar
has been shown to have the greatest impact in more acidic, nutrient-limited soils. Furthermore,
results from the scientific literature have limited relevance to production agriculture, as biochar
studies are dominated by short-term laboratory experiments that are difficult to extrapolate to
field-scale. To inform the use and regulation of biochar in California, farmers and policymakers
must have access to reliable, location-based data that evaluates biochar across scales. This
project fills a gap in the literature by providing mechanistic laboratory studies that are linked to
pot trials and long-term, field-scale data about the agronomic and soil health potential of biochar
as a soil amendment in California.

Seven biochars were produced by commercial companies at multiple production temperatures
from various feedstocks. The potential for these biochars to impact soil physical, chemical, and
microbial environment was investigated across scales. In the laboratory, biochars were tested
for their ability to physically or chemically retain nitrate and ammonium. Nearly every biochar
tested exhibited a strong chemical affinity for ammonium, likely due to the attraction between
their negatively charged surfaces and the positively charged ammonium ion. This was evident
in that ammonium retention was strongest in biochars with high cation exchange capacity
(CEC), oxygen-containing functional groups, and high oxygen to carbon ratios. Biochars
exhibited little to no chemical affinity for nitrate, though one biochar reduced nitrate leaching in
soil column studies to a small extent. This result was linked to the biochar’s high surface area
and low CEC. The ability of biochar to alter the soil physical environment was most evident in
its effect on saturated hydraulic conductivity (Ksat). Broadly, biochars increased Ksat in a silt loam
but had a mixed effect in a sandy loam. An additional small-scale study was carried out in a
growth chamber, in which biochar-amended soil was observed to substantially increase the
yield of romaine lettuce (Lactuca sativa) when compared to the unamended control. This study's
short-term laboratory experiments demonstrated that these biochars could improve ammonium
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retention, water conductivity, and crop yield when added to the soil. However, these benefits
were not observed in three-year field trials with the same biochars in the same soils.

For the field trials, seven biochars were amended to soils at two rates, combined with two
synthetic nitrogen (N) fertilizer rates, in two California locations. Processing tomatoes (Solanum
lycopersicum) were grown for three years, and data was collected on the influence of biochar
on plant and soil properties. Biochar had minor effects on soil pH, EC, and N content, though
the effects varied by biochar, location, and year, and were not substantial enough to impact
plant yield or quality parameters. Under no combination of experimental conditions was biochar
observed to increase processing tomato yield, plant nitrogen uptake, or soil moisture. Field trial
results are consistent with those from other studies, which indicate biochar may confer limited
benefits in soils that do not require conditioning for the successful growth of crops. Furthermore,
the discrepancy between results from experiments at different scales demonstrates that short-
term laboratory trials are not sufficient to make conclusions about field-scale agriculture.

While biochar did not deliver tangible agricultural benefits in field trials, further investigation was
made into its influence on parameters that constitute current notions of soil health. Soils were
sampled 2.5 years after amendment with almond shell biochars produced at 500 or 800 °C, or
softwood biochar produced at 500 °C, for a comprehensive soil health assessment. To varying
effects, biochars were observed to increase labile carbon, water stable aggregates, pH, and EC
in both the silt loam and sandy loam. The results were not substantial enough to influence the
microbial community in the finer textured silt loam, which had higher fertility and organic matter
concentration. Phospholipid fatty acid (PLFA) analysis from the silt loam revealed that biochar
had no effect on community composition or on the PLFA ratios typically interpreted to denote
microbial stress. In the coarser, more nutrient-limited sandy loam, however, a canonical
correspondence analysis (CCA) revealed microbial communities responded to the increase in
water stable aggregates, pH, and potassium conferred by the addition of biochar. This resulted
in both a distinct community composition, as well as reduced indicators of microbial stress.
Results were greatest in plots amended with almond shell biochars, likely due to the high
potassium content of almond shells, and the high pH and ash concentration of these biochars.
The soil health assessment indicates that, while biochar may not deliver agronomic
improvements in fertile agricultural soils, it may confer other ecological or environmental
benefits, or have the potential to deliver agronomic benefits across a longer time horizon.
Importantly, results from multiple scales indicate biochar may be added to agricultural soils with
few negative consequences for cropping systems. However, a growing body of research
suggests some biochars may contain potentially toxic properties that threaten human health
when airborne biochar is inhaled.

To optimize the ecological benefits of adding biochar to soils, care should be taken to select
biochars that conform to quality standards established by the International Biochar Initiative or
the European Biochar Certificate. Care should also be taken to amend biochars to soils under
conditions that minimize dust emissions. Together, data from this project can assist
policymakers and land managers in California in making decisions about amending biochar to
working lands. Realistic expectations should be established for the agronomic benefits of
adding biochar to California cropping systems. Meanwhile, carbon sequestration or soil health
projects may be pursued with minimal consequence, given the safe and appropriate selection
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of biochars. As a financial incentive for California growers to add biochar to their soils may be
limited, cost-share and incentive programs should be considered.

H. Challenges

Challenge

Corrective Action and/or Project
Change/lessons learned

Due to the widespread impacts of
COVID-19, all 2020 pre-plant soill
sampling activities were canceled on UC
recommendation, and due to stay at
home orders and the closure of campus
laboratories and Kearney ARE
dormitories. This cancelation will result in
a missing dataset of 720 soil samples

To salvage the spring 2020 season, a
smaller subset of soil samples was taken
for an unplanned but important study on
the impact of biochar on soil microbial
communities and carbon storage after
three years. Samples from the high N
fertilizer rate at the high biochar
application rate of the following
treatments were chosen: NO, AS, AS500,
AS800, SW500 (n=3)

Images of biochar amended soils were
taken via x-ray microcomputed
tomography at the LBLN Advanced
Lightsource beamline 8.3.2. We have
encountered several issues with
processing and quantifying these images,
largely due to their large size and high

Object Research Systems, or the
company that produces the Dragonfly
software, assisted in developing a
segmenting/quantification workflow for
our project. Although not fully successful
some images were processed and are
included in one published journal article.

resolution. Initially, we ran out of
computing power and ran through several
different options to increase RAM. We
also moved from using ImagedJ to using
Dragonfly to process images.

l. Project Impacts
a) Through our outreach activities regarding biochar use, we directly reached over
2,200 people. Additionally, one of the activities was posted to YouTube and has over
29,000 views. The dissemination of this information is critical for educating the public
about biochar and its potential use. Growers, industry, and other stakeholders can use
this information to inform their practices and decisions.

b) Additional dissemination of information has occurred via six peer-reviewed journal
publications, a USDA Fact Sheet, and a Ph.D. dissertation. These publications provide
the results of the project efforts to an international audience.

c) Project results demonstrate that considering the seven evaluated, biochars can retain

ammonium but have little impact on nitrate retention in soils. This is critical information as
nitrate contamination of California’s groundwater is a major concern. Based on the
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findings, unmodified biochars will not increase nitrate leaching but will have little impact
on reducing it. However, modified biochars can be produced to bind nitrate and reduce
leaching.

d) Biochar amendment to two fertile California soils did not significantly impact tomato
yield. This is consistent with much of the published literature that demonstrates biochar
is typically most effective when used to improve marginal or low-fertility soils. This
information is important for developing decision-making processes for the use of biochar
in agriculture.

e) No evidence was observed indicating that biochar application is harmful to agronomic
practice. However, due to its low density and small size, care should be taken when
applying biochar through the use of personal protective equipment and applying at a high
moisture content under low wind conditions.

f) Data the results of this study suggest that biochar may increase the residence time of
water in sandy soils and increase drainage in fine-textured soils, though soil- and biochar-
specific investigation is required. Due to the continued drought in California, this finding
could be important as part of a land management strategy for sandy soils.

g) Results from this project indicate that biochar may deliver soil health benefits in
agricultural soils in a Mediterranean climate, though increased soil health may not confer
increased agricultural production within the first few years of application.

h) Biochar soil amendments were added as a management strategy for the CDFA
Healthy Soils Program. A white paper that was written as part of this project was
submitted to the CDFA and was cited as a key proposal to determine whether to include
biochar as an amendment in the program.

J. Outreach Activities Summary

A wide range of outreach activities reached a diverse audience: growers, industry,
policymakers, government scientists, and university faculty and students. These activities
were directed at the state, national, and international communities. A total of 28 presentations
were given, directly reaching over 2,200 people. One of these outreach activities is available
on YouTube and has been viewed 29,215 times (10/25/2022). Along with the oral
presentations, there have eight publications. These include six peer-reviewed journal articles,
one USDA Fact Sheet, and one Ph.D. dissertation. At least two more peer-reviewed journal
articles are expected to be published. The outreach activities are listed below.

Event Name (1) Capitol Corridor Growers, Organic Lunch Series

Presentation title Evaluation of biochar for agricultural soil management in
California

Location and date January 27, 2021
Zoom
https.//www.youtube.com/watch?v=JhIHMwyZ750
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Attendee demographics

Mostly growers and a few attendees from UCCE

CCA/Grower Continuing
Education Units

NA | Number of participants | 40 participants
29,215 YouTube
views

Event Name (2)

European Geological Union (EGU) Annual Meeting

Presentation title

Biochar inhibits nutrient leaching and alters hydraulic
conductivity in two agricultural soils

Location and date

February 215, 2021
Zoom

Attendee demographics

Academics and researchers from around the globe

CCA/Grower Continuing
Education Units

NA Number of |40
participants

Event Name (3)

Natural Resource and Conservation Society (NRCS),
Conversations in Soil Health: Biochar

Presentation title

Safe Use of Biochar

Location and date

May 27, 2021
Webinar

Attendee demographics

NRCS staff and other scientists

CCA/Grower Continuing
Education Units

Number of | 100
participants

Event Name (4)

PhD Exit Seminar

Presentation title

Multiscale evaluation of biochar for the delivery of agronomic
and soil health benefits in California

Location and date

June 23, 2021
Zoom

Attendee demographics

A mix of researchers, the public, and staff from FREP, Almond
Board, and the Washington State Department of Agriculture

CCA/Grower Continuing
Education Units

Number of |35
participants

Event Name (5)

Presentation to El Dorado County Master Gardeners

Presentation title

Evaluating Biochar use in Agriculture

Location and date

Zoom, July 23, 2020.

Attendee demographics
(CCAs, PCAs, growers,

Master Gardeners
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consultants, researchers,
etc.)

CCA/Grower Continuing
Education Units

Number of | ~45
participants

Event Name (6)

Presentation at ASA-CSSA-SSSA Annual Meeting

Presentation title

The Influence of Biochar on Nutrient Leaching and Hydraulic
Conductivity in Agricultural Soils

Location and date

Zoom, November 9t 2020

Attendee demographics

CCA/Grower Continuing Number of | N/A. This was a

Education Units participants | recorded seminar
with no live
participants

Event Name (7)

Submissions to CDFA RFPs:

(1) Healthy Soils Program submission: Recommendations for
biochar management practices to promote soil health in
California. S.J. Parikh, D.L. Gelardi, J. Hunt, K. Trippe.

(2) Alternative  Manure Management Program submission:
Composting with biochar. A recommended practice for
manure management. S.J. Parikh, J. Hunt, D.L. Gelardi, K.
Trippe.

Presentation title

See above

Location and date

August 315t, 2020

Attendee demographics

CCA/Grower Continuing
Education Units

Number of | N/A
participants

Event Name (8)

ASA-CSSA-SSSA Annual Meeting, San Diego, CA

Presentation title

The chemical and physical retention of nitrate and ammonium
by biochar across laboratory and field scales

Location and date

1/7/2019

Attendee demographics

Mostly soil scientists from academia and the government
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CCA/Grower Continuing
Education Units

Number of | ~75
participants

Event Name (9)

ASA-CSSA-SSSA Annual Meeting, San Diego, CA

Presentation title

Crop yield and nitrogen retention in the presence of biochar
across laboratory and field scales

Location and date

1/7/2019

Attendee demographics

Mostly soil scientists from academia and the government

CCA/Grower Continuing
Education Units

Number of ~250

participants

Event Name (10)

Academic Seminar

Presentation title

Wake up and smell the biochar: A potential new source of
PM10 emissions and other airborne pollutants

Location and date

5/14/2019

Attendee demographics

UC Davis Faculty and Students

CCA/Grower Continuing
Education Units

Number of | ~25
participants

Event Name (11)

Farm Foundation Round Table Meeting, Lincoln, NE

Presentation title

Crop yield and nitrogen retention in the presence of biochar
across laboratory and field scales

Location and date

6/6/2019

Attendee demographics

Industry and government employees

CCA/Grower Continuing
Education Units

Number of ~150

participants

Event Name (12)

Russell Ranch Field Day, UC Davis

Presentation title

Beyond yield: Evaluation of biochar for on-farm soil
management

Location and date

6/12/2019

Attendee demographics

Growers, academics, and industry

CCA/Grower Continuing
Education Units

Number of ~150

participants
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Event Name (13)

Soil Health Institute Annual Meeting, Sacramento CA

Presentation title

Crop yield and nitrogen retention in the presence of biochar
across laboratory and field scale

Location and date

7/6/2019

Attendee demographics

Growers, policy makers, scientists, and NGOs

CCA/Grower Continuing
Education Units

Number of ~200

participants

Event Name (14)

Academic Seminar, China Agricultural University, Beijing, China

Presentation title

Evaluating Biochar for Agriculture and Environmental
Applications

Location and date

9/9/2019

Attendee demographics

Academics and students

CCA/Grower Continuing
Education Units

Number of | ~60
participants

Event Name (15)

Joint International Symposium on Plant-Soil-Microbe
Interactions. Zhejiang University, Hangzhou, China

Presentation title

Wake up and smell the biochar: A potential new source of
PM10 emissions and other airborne pollutants

Location and date

9/14/2019

Attendee demographics

Academics and students

CCA/Grower Continuing
Education Units

Number of ~100

participants

Event Name (16)

Soil Science Society of America Annual Meeting, San Antonio,
X

Presentation title

Wake up and smell the biochar: A potential new source of
PM10 emissions and other airborne pollutants

Location and date

11/11//2019

Attendee demographics

Academics and students

CCA/Grower Continuing
Education Units

Number of | ~40
participants

| Event Name (17)

| Almond Board of California Meeting, Sacramento, CA
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Presentation title

What do we know about biochar after two years of field trials in
CA soils?

Location and date

12/10/2019

Attendee demographics

Growers, policymakers, and scientists

CCA/Grower Continuing
Education Units

Number of | ~40
participants

Event Name (18)

Almond Board of California, Leadership Class on Utilization of
Biomass

Presentation title

Evaluating the Potential for Soil Biochar Amendments

Location and date

3/2/2018

Attendee demographics
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American Geophysical Union Annual Conference, Washington,
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CCA/Grower Continuing Number of | ~125
Education Units participants
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Education Units participants
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Can Amending Soils with Biochar Improve Fertilizer Use
Efficiency?
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Growers, scientists, policymakers
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Education Units

Number of | ~40
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Efficiency?

Location and date
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CCA/Grower Continuing
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KDVS

Presentation title

Biochar and agriculture

Location and date

12/18/2017

Attendee demographics
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CCA/Grower Continuing
Education Units

Number of unknown

participants
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L. Appendix - Figures, tables, and supporting documents

Table 2. Select chemical and physical biochar properties (n=3) * standard error of
the means

SW500-
AS500 AS800 CS650 SW500 I SW650 SW800
Carbon (%) 65.8 + 3533+ 7123+ 7089+ 6349+ 7832 41.76+%
0.45 0.25 0.73 0.25 0.33 +041 047
Nitrogen (%) 0.76 + 0.55+ 0.79 + 0.13 0.69 029+ 0.13%
0.01 0.02 0.04 0.03 0.01 0.01 0.03
Oxygen (%) 1711+ 2644+ 1366+ 17.07+ 2011+ 1018 153+
0.75 0.75 0.64 0.58 0.23 +0.16 0.88
Hydrogen (%) 3.05+ 1.83 3.23 3.76 + 3.79 292+ 148+
yarog °/ 0.04 0.02 0.06 0.01 0.03 0.07 0.05
Molar O/C 0.19 0.56 0.15+ 0.18 + 0.27
ratio 0.01 0.01 0.01 0.01 0.24+0 01+£0 0.01
Molar H/C 0.55+ 0.62 + 0.54 + 0.71 044+ 042+
ratio 0.01 0.01 0.01 0.63+0 0.01 0.01 0.02
Volatile (%) 30.74+ 2817+ 3214+ 3799+ 3883+ 26.87 21.67%
2.67 0.5 0.36 0.86 1.21 +0.29 0.17
Ash (%) 19.01+ 5535+ 528+ 448 + 9.21+ 445+ 3145+
0.99 0.78 0.15 0.06 0.53 0.29 1.21
H 9.34 + 1013+ 7.77 % 7.85 % 1043+ 8.03+x 10.29%
P 0.02 0.01 0.02 0.02 0.01 0.03 0.01
EC (mS cm™) 3.17 272 + 254 + 205+ 012+ 2714%
0.01 0.12 0.28+x0 0.02 0.02 0 0.01
DOC (mg kg 383221 10559 644.5+ 43776.2 32171.2 4234 4752+
D) +1776.6 +52.9 771 +1103.8 +934.8 +506 66.9
CEC (cmolc 24.02+ 5274+ 2682+ 1646+ 3413+ 2165 60.83%
kg™) 0.57 0.81 1.06 0.39 0.18 +043 0.75
Mean particle
size (Um) 464 269.8 609.1 493.6 241 .1 212.3 1394
Median
particle size
(um) 590.6 334.8 931.2 763.5 312.8 446.3 171.2
Surface Area
(m?g") 54.7 188.2 233.6 93.5 152.6 305.6 363.6

EC = electrical conductivity; DOC = dissolved organic carbon; CEC = cation
exchange capacity
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Figure 1. a) DRIFT spectra of AS800, AS500, and SW500 biochars. Samples diluted
with potassium bromide to 3% sample, and collected with 256 cm' scans with a 4 cm™*
resolution; b) X-ray microCT images of AS800, AS500, and SW500 biochars.

Table 3. Select physical and chemical properties of Hanford Sandy Loam (HSL) and
Yolo Silt Loam (YSIL) from 0 to 30 cm (n = 3) + standard error of the means. Samples
were taken before the establishment of the field trial in September 2017 to measure
baseline fertility

HSL YSiL
0.37 ¢
(o)
Total C (%) 0.009 1+0.02
Eg'ﬂf‘) NMI 974401  1.02:01
E;f)"N (M9 345+05 40.4+1.1
943.4 + 2191.3 ¢
2+ -1
Ca™(mgkg™) 416 7.2
Mg?* (mg kg" 508.5 +
1) 581416 L g
K*(mgkg') 559+1.0  360.1+0.7
Na* (mgkg') 118.1+23 146.6+0.7
%ﬁ‘;” PIMI 95:01  98:02
pH 730£01  7.31%0.1
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EC (uS cm™)
Sand (%)
Clay (%)

58.7+1.4
12.0+0.9

4273+28 269.3+19

24009
32.7+0.5

EC = electrical conductivity
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Figure 2. Marketable yield in a three-year processing tomato field trial by biochar, year,
location, and fertilizer rate (Low = 168 kg N ha™'; H = 252 kg N ha'). Results are
averaged over the level of biochar rate (n = 3 per rate) as it was not significant in any
models tested. Error bars represent the 95% confidence intervals of the means (n = 6).
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Figure 3. Aboveground biomass (fruit + vine) nitrogen (N) in a three-year processing
tomato field trial by biochar, year, location, and fertilizer rate (Low = 168 kg N ha'; H =
252 kg N ha™'). Results are averaged over the level of biochar rate (n=3 per rate) as it
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was not significant in any models tested. Error bars represent the 95% confidence
intervals of the means (n = 6).
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Figure 4. Soil mineral nitrogen (NH4*-N and NO3-N combined) in a three-year
processing tomato field trial by biochar, year, location, and fertilizer rate (L= low, or 168
kg N ha™'; H = high, or 252 kg N ha™'). Results are averaged over the level of biochar
rate (n = 3 per rate) as it was not significant in any models tested. Error bars represent
the 95% confidence intervals of the means (n = 6).
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Figure 6. Permanganate oxidizable carbon (POXC) and total carbon in soils 2.5 years
after biochar amendment, from a three-year processing tomato field trial, by biochar and
location. Box plots show medians with the middle bars and the first and third quartiles
with the boxes’ lower and upper limits, respectively. The ends of each whisker represent
the highest and lowest values within 1.5 times the inter-quartile range (n = 3).
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Figure 7. Moisture and water stable aggregates from soils 2.5 years after biochar
amendment, from a three-year processing tomato field trial, by biochar and location.
Box plots show medians with the middle bars and the first and third quartiles with the
boxes’ lower and upper limits, respectively. The ends of each whisker represent the
highest and lowest values within 1.5 times the inter-quartile range (n = 3).
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Figure 8. Phospholipid fatty acid (PLFA) biomass from soils 2.5 years after biochar
amendment, in a three-year processing tomato field trial, by biochar and location. Box
plots show medians with the middle bars and the first and third quartiles with the boxes
lower and upper limits, respectively. The ends of each whisker represent the highest
and lowest values within 1.5 times the inter-quartile range (n = 3).
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Figure 9. Ratios of select phospholipid fatty acids (PLFAs) from soils 2.5 years after
biochar amendment, from a three-year processing tomato field trial, by biochar and
location. Box plots show medians with the middle bars and the first and third quartiles
with the boxes’ lower and upper limits, respectively. The ends of each whisker represent
the highest and lowest values within 1.5 times the inter-quartile range (n = 3). F/B =
fungal to bacterial; Cy17/pre = cyclopropyl 17:0 to precursors; Cy19/pre = cyclopropyl

19:0 to precursors; G+/G- = gram-positive to gram-negative bacteria; S/U = saturated to
monounsaturated
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Figure 10. Sorption isotherms for ammonium and biochars, performed at 22 + 1 °C. All

solutions were prepared in 5.84 mg L' NaCl and spiked at 1% volume with a stock
solution of 20 g L' of the bactericide sodium azide.
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Figure 11: Impact of 0 and 2% addition of AS500, AS800, and SW500 biochars on
saturated hydraulic conductivity (Ksat) in a) a Hanford Sandy Loam (HSL) soil and b) a
Yolo Silt Loam (YSIiL) soil (n=5). Symbols denote significance levels as follows: ns = not
significant, *p<0.05, **p<0.01, ***p<0.001. P-values refer to comparisons between
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treatments and the control within each pore volume and were corrected for multiple
comparisons using Tukey’s honestly significant difference method.
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Figure 12: Breakthrough curves for a) ammonium and b) nitrate in a Handford Sandy
Loam (HSL) soil with 0 and 2% additions of AS500, AS800, and SW500 biochars. Native
soil nitrogen was flushed in pore volumes 0-10 with an 11.1 mg L' CaCl: solution, after
which 50 mg L' solutions of NH4* and NO3- were gravity-fed through soil columns (n=5).
Error bars represent the standard error of the means.
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Figure 13: Quantity of a) ammonium and b) nitrate in Hanford Sandy Loam (HSL) soil
columns with 0 and 2% additions of AS500, AS800, and SW500 biochars in pore volumes
15, 20, and 25 (n=5). Error bars represent the standard error of the means. Symbols
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denote significance levels as follows: ns = not significant, *p<0.05, **p<0.01, ***p<0.001.
P-values refer to comparisons between treatments and the control within each pore
volume and were corrected for multiple comparisons using Tukey’s honestly significant
difference method.
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. Factsheet/Database Template:

. Title: Evaluation of Biochar for On-Farm Soil Management in California

. Grant Agreement Number: 16-0662-SA-0
. Project Leaders:

Danielle L. Gelardi’, Graduate Student Researcher

Sanjai J. Parikh’, Associate Professor of Soil Chemistry
William R. Horwath’, Prof. Soil Biogeochemistry

Daniel Geissler!, Assoc. Coop. Ext. Specialist

Milt McGiffen?, Veg. Crops Spec. & Vice Chair for Coop. Ex.
Michelle Leinfelder-Miles3, Coop. Ex. Farm Adv.

Toby A. O’Geen’, Soil Resource Specialist

Kate M. Scow’, Professor of Soil Microbiology
" Department of Land, Air and Water Resources, University of California, Davis, One Shields Avenue, Davis, CA
95618.

2 Department of Botany and Plant Science, University of California, Riverside, 4101 Bachelor Hall, Riverside, CA
92521
3 Cooperative Extension San Joaquin County, 2101 East Earhart Ave., Stockton, CA 95206

. Star Year/End Year: 2017/2021

. Location: Davis, CA and Parlier, CA
. Counties: Yolo and Fresno Counties
. Highlights:

e No chemical binding between the unmodified biochars (n=7) and nitrate was
observed, and biochar did not reduce nitrate leaching.

e Biochar amendment (n=7) to two fertile California soils did not have a significant
impact on tomato yield

e Biochar (n=3) may increase water residence time in sandy soils and enhance
drainage in fine-textured soils.

¢ Biochar (n=3) may deliver soil health benefits in course-textured agricultural soils in
a Mediterranean climate.

. Introduction: Farmers, researchers, and policymakers are increasingly interested in

the use of biochar, a carbon-rich material created from the thermochemical conversion
of biomass in an oxygen-limited environment, as a soil amendment. Due to biochar's
unique chemical and physical structure, the material offers many potential solutions to
pressing agricultural issues. These issues include nitrate leaching, low nutrient use
efficiency, vulnerability of soils to drought conditions, and depleted soil carbon stocks.
Previous research shows inconsistent results on the ability of biochar to address these
issues due to differences in biochar feedstock, production methods, soil properties,
climate, and cropping systems. To inform the use and regulation of biochar, farmers
and policymakers must have access to reliable, place-based data. This study fills a gap
in the literature by providing long-term, field-scale data about the potential of biochar
for CA agriculture.
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9. Methods/Management

Seven biochars were produced by using mostly CA feedstocks at specified
temperatures. Feedstocks include softwood, almond shell, and coconut shell. The
biochars were analyzed for total carbon, nitrogen, oxygen, hydrogen, surface area,
cation exchange capacity, pH, electrical conductivity, ash content, dissolved organic
carbon, and particle size distribution._In fall 2017, one-acre plots were amended with
biochar in UC Davis Campbell Tract and the Kearney Agriculture Research and
Extension Center in Parlier. The two soils, a Yolo silt loam (YSiL) and a Hanford sandy
loam (HSL), represent over 500,000 acres of CA soils. Biochars were subsurface
banded directly above the drip tape to maximize contact with irrigation and fertigation,
and to minimize application costs. Biochars were applied in two or three rates and
combined with a low (150 Ibs. N) and high (225 Ibs. N) UAN-32 fertilizer rate. Field sites
were planted each spring with processing tomatoes and harvested each fall. Plant
samples were collected and analyzed for yield and total carbon and nitrogen. To
examine microbial communities, soil was analyzed for mineral nitrogen, total carbon
and nitrogen, pH, moisture content, and PLFA. Growth chamber and Laboratory
studies were conducted to observe plant-soil-biochar interactions concerning vyield,
nutrition, soil water dynamics, and nitrate and ammonium retention. Studies include
sorption experiments, soil columns, micro-CT scans, and lettuce pot trials with 0 and
2% biochar.

10.Findings

Biochars tested exhibited a strong chemical affinity for ammonium, likely due to the
attraction between their negatively charged surfaces and the positively charged
ammonium ion. Biochars exhibited little to no chemical affinity for nitrate, though one
biochar reduced nitrate leaching in soil column studies to a small extent via physical
mechanisms. The ability of biochar to alter the soil physical environment was most
evident in its effect on saturated hydraulic conductivity (Ksat). Broadly, biochars
increased Ksat in a silt loam but had a mixed impact in a sandy loam. The short-term
laboratory experiments in this study demonstrate that biochars could improve
ammonium retention and water conductivity.

For the three-year field trials, no combination of experimental conditions was biochar
observed to increase processing tomato yield, plant nitrogen uptake, or soil moisture.
While biochar did not deliver tangible agricultural benefits in field trials, the soil health
assessment indicates that it may confer other ecological or environmental benefits.
Importantly, results from multiple scales indicate biochar can be added to agricultural
soils with few negative consequences for cropping systems.
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