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Abstract

Biochars can improve soil health but have been widely shown to reduce plant-available nitrogen (N) owing to their high
carbon (C) content, which stimulates microbial N-immobilization. However, because biochars contain large amounts of
C that are not microbially available, their total elemental C:N ratio does not correspond well with impacts on soil N. We
hypothesized that impacts on soil plant-available N would relate to biochar mineralizable-C (C,,;,) content, and that C:N
ratios of the mineralizable biochar component could provide a means for predicting conditions of net soil N-mineralization or
-immobilization. We conducted two laboratory experiments, the first measuring biochar C;, from respiration of isotopically
labeled barley biochars manufactured at 300, 500, and 750 °C, and the second characterizing C,;, by proxy measurements
for ten biochars from six feedstocks at several temperatures. For both experiments, soils were incubated with 2% biochar by
mass to determine impacts to soil N-mineralization. Contrary to expectation, all the biochars increased soil N-mineralization
relative to unamended soils. Also unexpected, higher temperature (500 and 700 °C) barley biochars with less C,;,, stimulated
more soil decomposition and more soil N-mineralization than a 350 °C barley biochar. However, across diverse biochar
feedstocks and production methods, none of the biochar characteristics correlated with soil N-mineralization. The finding of
improved soil N-mineralization adds complexity to the range of soil N responses that can be expected in response to biochar
amendment. Because of the limited ability to predict soil N responses from biochar properties, users should monitor soil N
to manage soil fertility.

Highlights

e A diverse set of biochar types all increased net soil e Biochar mineralizable-C and -N did not predict soil
N-mineralization in a 4-week aerobic incubation. N-mineralization across feedstocks.

e For individual feedstocks, soil N-mineralization
increased with pyrolysis temperature.
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1 Introduction

Biochar incorporation into agronomic systems has become
an increasingly popular management practice in the past dec-
ade. The addition of biochar has been shown to boost crop
yields (Spokas et al. 2012) by altering nutrient cycling (Mia
et al. 2017), increasing soil pH (Clough and Condron 2010),
and in some cases altering soil water properties (Liu et al.
2017; Phillips et al. 2020a), while additionally sequestering
biomass carbon in long-lived forms (Baldock and Smernik
2002; Kuzyakov et al. 2009; Woolf et al. 2010). However,
increasing the carbon (C) content of the soil system through
biochar application typically increases the C to nitrogen
(N) ratio, which in turn impacts soil microbial function and
reduces plant-available N (Liu et al. 2018; Gao et al. 2019).

Biochars are highly aromatic, high C materials produced
by pyrolysis, gasification, and other low-oxygen heat-
ing processes. Many biochars are made from low-value
biomass such as wood or straw feedstocks with wide C:N
ratios, which confers wide C:N ratios to the resulting bio-
char. Exceptions are biochars produced from food waste and
manures that have narrow C:N ratios. However, N retention
during biochar production can also be highly variable, which
further contributes to diverse C:N ratios in resulting biochars
(Enders et al. 2012). Depending on the feedstock and pyroly-
sis conditions, biochar can have a total C:N ratio ranging
from 6.5 to 640 (Bonanomi et al. 2017).

Several recent meta-analyses (Nguyen et al. 2017; Liu
et al. 2018; Gao et al. 2019) showed that reductions in soil
mineral N are a widespread response to biochar applica-
tion. Across approximately 900 studies, Nguyen et al. (2017)
found biochar application decreased NH,—N by an average
of 11% and NO5-N by 10%. Evidence that microbial immo-
bilization caused this decline in NH,—N and NO;-N (col-
lectively dissolved inorganic nitrogen, DIN) was provided
by reports of increased CO, emissions and increases in
microbial abundances associated with N cycling, indicating
increased microbial N demand following biochar application
(Deenik et al. 2010; Zhang et al. 2012; Zheng et al. 2012;
Ducey et al. 2013).

Initial decomposition of residues with wide C:N ratios
usually results in N-immobilization in soil (Vigil and Kis-
sel 1991; Aulakh et al. 1991). In some cases a critical C:N
threshold can be used to predict conditions of N-minerali-
zation or N-immobilization in soil (Trinsoutrot et al. 2000;
Andrews and Foster 2007), although such thresholds are also
dependent on residue quality (Agren et al. 2013; Manzoni
2017). In the case of biochar, a critical C:N ratio ranging
between 20 and 32 for biochar and over 32 for the soil as a
whole has been shown to support microbial immobilization
of N (Nguyen et al. 2017). However, we expected that the C
and N content of the easily mineralizable fraction of biochar
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would have a better ability than total biochar C:N to predict
N immobilization, because a large portion of biochar C is
highly resistant to microbial decay. As pyrolysis tempera-
ture is increased much of the carbon becomes heterocyclic
and largely inaccessible for microbial decomposition (Budai
et al. 2016; Leng et al. 2019). Although the quantity of total
C in biochar generally increases with pyrolysis tempera-
ture, the quantity of mineralizable-C (C,;,) decreases, due
to reduction of organic molecules into aromatic rings and
loss of COOH, ROH, and C=N functional groups (Keilu-
weit et al. 2010; Torres-Rojas et al. 2020). The resistance of
biochars to microbial decomposition has been demonstrated
by numerous incubation studies. A meta-analysis of incuba-
tion studies showed that as much as 15% of biochar carbon
decomposed within two years, but that on average the labile
pool accounted for just 3% of total C (Wang et al. 2016).
Wang et al. (2016) furthermore estimated the inert biochar
C pool to have a residence time of over 500 years. Biochar
effects on N availability are therefore likely to be associated
with only the portion of biochar C that is easily mineraliz-
able (Jeffery et al. 2015; Gao et al. 2019).

In this study we employed biochars from multiple feed-
stocks, pyrolysis temperatures, and production technologies
to examine links between the mineralizable-C (C,;,) content
of biochars, the C:N ratio of mineralizable component, and
resulting impacts on net soil N-mineralization. We hypoth-
esized that: (1) biochar C,;, would correlate negatively with
soil N-mineralization, because most biochars would be poor
sources of N, and higher quantities of C;, would therefore
add more low-N substrate to soil. We further hypothesized
that (2) the C:N ratio of the mineralizable component of
biochar, estimated from water-extractable organic C and N
concentrations, would also be negatively correlated with soil
N-mineralization.

2 Materials and methods

Two experiments were conducted to evaluate the hypotheses.
The first experiment used a temperature series of '*C-labeled
barley biochars produced at 350, 500, and 700 °C. C,;, was
quantified by isotopic analysis of respired CO, in a 101-
day soil incubation. Soil DIN concentrations were simul-
taneously measured to determine net N-mineralization.
To expand to more biochar types, the second experiment
examined non-isotopic measures of C;, for ten biochars
produced from several feedstocks under a range of tempera-
tures and several production technologies. C,;, was esti-
mated by several approaches, including H:C elemental ratio
which provides a measure of biochar aromaticity (Budai
et al. 2013), water extractable organic C (WEOC) which
estimates one of the labile pools (Whitman et al. 2014), and
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permanganate-oxidizable (KMnO-oxidizable) C which esti-
mates oxidation resistance (Calvelo Pereira et al. 2011). Net
N-mineralization in biochar-amended soils was determined
in a 28-day aerobic soil incubation.

2.1 Experiment 1
2.1.1 Biochar and soils

A set of barley (Hordeum vulgare L.) whole-plant biochars
was produced by pyrolysis at 350, 500, and 700 °C from a
mixture of '*C-labeled panicles and leaves of barley and
non-labeled barley straw. The '*C-labeled barley was grown
in a controlled environmental chamber and pulse-labeled 3
times with '*CO, to achieve '*C enrichment of 0.38 atom
percent excess, as described by Lifschitz et al. (2002). Due to
limited quantities of this material, it was diluted with biochar
made from non-labeled barley straw grown near Corvallis,
Oregon. The labeled and non-labeled plant materials were
ground to pass through a 6 mm sieve, pyrolyzed separately,
and then mixed in a ratio of 20% labeled to 80% non-labeled
material by mass, providing §'°C values for the mixtures of
32-40%0 PDB (Table 1). The biochars were pyrolyzed using
a Lindburg oven with a retort at the USDA-ARS in Florence,
South Carolina as outlined by Cantrell and Martin (2012).
Chemical characteristics of these biochars, as well as the
biochars used in Experiment 2, are shown in Table 1 and
testing methods are detailed below.

The barley biochars were added at a rate of 2% by mass to
two silt loam soils with contrasting organic carbon contents.
A total of 8 treatments were examined: each of the three
biochars was added to a low-carbon and a high-carbon soil
and compared to unamended soils as controls. The higher
carbon content soil was classified as fine-silty, mixed, super-
active, mesic Cumulic Ultic Haploxeroll in the ‘Chehalis’
series, and the lower carbon content soil was classified as
a fine-silty, mixed, superactive, mesic Pachic Ultic Argix-
eroll in the ‘Willamette’ series (Soil Survey Staff 2006).
Additional soil characteristics are shown in Table 2. Both
soils were collected from 0—15 cm depth from research
farms near Corvallis, OR. Soils were sieved through a 4
mm mesh to homogenize and stored at 4 °C for 5 days prior
to incubations.

2.1.2 Incubations and isotopic measures

Soil-biochar mixtures were incubated for 101 days and sam-
pled for respired CO, and 8'*CO, on days 1, 2, 3, 4, 7, 14,
21,32, 42,57, 73, and 101. Seventy-five g samples (dry-
mass equivalent) of soil or soil-biochar mixture were meas-
ured into graduated polyethylene specimen cups and wetted
with 0.01 M CaCl, to bring to 60% water-filled pore space.
Three replicates of the eight treatments were prepared, for

a total of 24 samples. The polyethylene cups were placed
inside 1.8 L glass canning jars; 10 mL of water was added to
the jars outside the cups to maintain humidity; and the jars
were sealed. The headspace was flushed by piercing rubber
septa installed in the lids and flowing CO,-free air through
at a rate of 500 mL min~" for 15 min. Process standards for
CO, measurements were prepared by flushing empty jars
with CO,-free air or a 4000 ppm CO, standard. Standard
jars were incubated alongside soils to detect and quantify
air leaks. Jars were incubated at 23 °C in a darkened envi-
ronmental chamber between sampling events.

At each sampling event, a subsample of headspace air
was collected for §'3CO, by removing 12 mL of air with
a gastight syringe and injecting it into a borosilicate vial
(Extetainer®, Labco Ltd.) that had been purged with
CO,-free air and pre-evacuated. Headspace CO, concentra-
tion was then measured by connecting one of the jar’s septa
to a CO, analyzer (Ultraportable Greenhouse Gas Analyzer,
Los Gatos Research) and drawing headspace air for 2 min.
Data measured between 30 and 100 s were averaged. The jar
headspace was then flushed with CO,-free air to prepare for
the next phase of CO, accumulation. Respiration rate was
computed as the g C—CO, accumulated, divided by the time
between each sampling event. Exetainer vials were accumu-
lated over the study and shipped in batches after days 42 and
101 to Ft. Collins, Colorado, where 613CO2 was determined
on a gas chromatograph-isotope ratio mass spectrometer
(Isoprime Inc., Manchester, UK).

Quantities of CO, derived from soil and biochar were
calculated using a 2-member mixing model, as follows:

_ 0 -0

soil
f biochar —

mixture
5bi0char - 55011 M
where fi; o 18 the fraction of respiration from biochar,
8, i uure 1S the 813CO, respired from the biochar-soil mixture,
and 8; and 8y, are the 8'3CO, respired from soil and
biochar end-members, respectively. The end-members were
estimated as the 8'>CO, respired from unamended soil, and
the 8"°C of the solid biochars.

2.1.3 Soil N-mineralization

Soil net N-mineralization was quantified in accompany-
ing soil incubations that were destructively extracted for
N-NO;~ and N-NH," (collectively DIN) on days 0, 1, 2, 3,
4,7, 14, 21, 42, and 101. The incubations for N-minerali-
zation were prepared in the same way as for C,;,
ments. To ensure the samples remained aerated during incu-
bation, each jar was manually vented twice weekly by briefly
removing the lid for a few seconds. Three replicates of the 8
treatments were prepared for each of the 9 sampling events
through day 42. The jars used for respiration measurements

measure-
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Table 2 Cropping history and select physiochemical characteristics
of two soils collected near Corvallis, Oregon (N=3)

Variable Chehalis Willamette

Crop history Organic vegetables Grass seed,
small
grains

Sand-silt-clay®* (%) 7-58-35 7-72-21

8'13C (%o PDB) -27.1 -278

Total C (%) 37 1.7

Total N (%) 0.25 0.13

C:N 14.72 13.31

NO,-N® (mg kg™h) 2.91 0.78

NH,-N® (mg kg™1) 0.88 0.53

pH,., 6.82 6.48

Organic carbon was assumed to equal total carbon, owing to low soil
pH

*Typical values for A-horizon from soil survey

®2 M KCl extraction

were destructively sampled on day 101, providing a total of
240 DIN samples.

Soil DIN was measured on a moist subsample (approx.
7.5 g air-dried equivalent) extracted in a 1:4 w/v ratio with
2 M KCIl. Soils were shaken for 1 h with extraction solution,
and then filtered through Whatman #1 filters. The filtrate
was analyzed colorimetrically using the vanadium-chloride
method for NO; (Doane and Horwath 2003) and the salicy-
late-nitroprusside method for NH, (Rhine et al. 1998) with
a 96-well plate spectrophotometer (BioTek Instuments). Soil
DIN concentrations were corrected for moisture content,
determined from oven-dry (105 °C, 24 h) sub-samples of
the incubated soils. Net N-mineralization on each sampling
day was calculated as the difference between average DIN
for that day and for day O baseline samples.

2.1.4 Soil and biochar fertility

The two soils were characterized for pH (2:1 water to soil)
on oven-dried (105 °C), sieved samples. Ground samples
were also analyzed for total C and N by combustion-IR (CN
Analyzer, LECO Corporation). Biochars were character-
ized for extractable nutrients, EC, pH, and liming ability
as potential co-variates of N-mineralization. Extractable
nutrients were determined on oven-dried (105 °C) and
ground biochar following the method recommendations of
Camps-Arbestain et al. (2015). Available-P was determined
from a 2% formic acid extraction (Wang et al. 2012; after
Rajan et al. 1992) with concentrations determined using
inductively coupled plasma optical emissions spectrometry
(ICP-OES, Perkin-Elmer Optima 4300 DV). Available-K,
Ca, Mg, Na, and S were determined from a 1 M HCI extrac-
tion (Camps-Arbestain et al. 2015 from Rayment and Lyons

2011), followed by ICP-OES analysis. Liming equivalence
(CaCO;-eq) was determined by reacting the biochar with
1 M HCl followed by titration with 0.5 M NaOH (Rayment
and Lyons 2011). Biochar N-NO,~ and N-NH,* were meas-
ured by extracting 1 g biochar with 2 M KCl in a 1:10 w/v
ratio and analyzing the extract colorimetrically as for soil.
Biochar pH and EC were determined from a 1:20 biochar-
water solution.

Inorganic carbon content was determined by measuring
CO, evolved from an acidified sample of dry (non-incu-
bated) biochar, similar to the method of Calvelo Pereira et al.
(2017). A 1 g oven-dry (105 °C) biochar sample was placed
in a glass beaker, which was sealed in a 1.8 L canning jar,
and the headspace was flushed with CO,-free air. Using a
syringe, 5 mL water and 10 mL 2 M HCl were added to the
biochar via a septum in the jar lid attached to a drainage
tube. After waiting 24 h for the sample to completely react,
CO, production was measured by connecting the jar to a
CO, analyzer, as described previously for soil incubations.

2.2 Experiment 2

Seven non-isotopically labeled biochars were studied in
addition to the three barley plant biochars to evaluate C;,
and soil N relationships for a greater range of biochar types
(Table 1). The non-labeled biochars included: grape wood
(Vitis vinifera L.) prunings pyrolyzed at 350 and 700 °C
at the USDA-ARS in Florence, South Carolina (Cantrell
and Martin 2012); poultry litter obtained from a com-
mercial source (Stutzman Environmental Products, Inc.),
also pyrolyzed at 350 and 700 °C in Florence; a juniper
wood (Juniperus occidentalis Hook.) biochar produced by
flame-cap pyrolysis at> 1250 °C (Phillips et al. 2020b), and
mixed-conifer wood and wheat straw (Triticum aestivum L.)
biochars, both produced by gasification at> 1250 °C as
described by Phillips et al. (2020a).

Three non-isotopic assessments of biochar C,;, were per-
formed on these biochars, including (1) H/C atomic ratio, (2)
water-extractable organic carbon (WEOC) content, and (3)
permanganate-oxidizable (KMnO,-oxidizable) carbon con-
tent. Biochar total C, H, N, and ash content were measured
by an external laboratory (Mineral Labs Inc., Salyersville,
Kentucky). WEOC and total dissolved nitrogen (TDN) were
determined from a 5.0 g sample extracted with 50 mL deion-
ized water, as suggested by Chinu et al. (2017), followed by
analysis using a TOC analyzer with automated acidification
to remove inorganic C (TOC-VCPN, Shimadzu Scientific
Instruments). KMnO,-oxidizable C was determined in the
same way as the soil method described by Weil et al. (2003),
but using only 0.15-1.0 g of biochar owing to its high carbon
content.
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Biochar impacts on soil N-mineralization were deter-
mined by incubating each of the ten biochars with the Wil-
lamette soil, using a fresh sample of the Willamette soil
collected in spring 2019. 75 gram samples of soil, either
unamended or amended with 2% biochar by mass, were pre-
pared for aerobic incubations in the same way as experiment
1. Samples were incubated at 23 °C in a darkened environ-
mental chamber, and three replicates of each treatment were
destructively sampled on days 14 and 28 following Drink-
water et al. (1996). In addition, three replicate 10 g samples
were prepared for each treatment as a day 0 baseline sample.
Soils were analyzed for N-NO;~ and N-NH,* as described
for experiment 1. Mineralized-N on days 14 and 28 were
assessed as the difference between DIN on those days and
day O baseline samples.

2.3 Statistical analysis

For experiment 1, cumulative soil respiration, biochar-C res-
piration, and soil N-mineralization were analyzed by two-
way analysis of variance (ANOVA) to test whether responses
differed by soil type or biochar pyrolysis temperature, using
the base package of R (R Core Team 2020). Tukey’s hon-
est significant difference test was used for post-hoc tests of
pairwise treatment differences. Linear regression was also
used to test whether soil N-mineralization correlated with
biochar respired-C, alone or normalized by biochar total-N
content. Biochar respired-C, soil type, and their interaction
were initially evaluated as explanatory variables, and the
non-significant interaction term was subsequently excluded.

For the larger set of biochars in experiment 2, regression
analysis was again used to test whether soil N-mineralization
correlated with KMnO,-oxidizable C, H:C ratio, WEOC,
and WEOC:TDN. Averages of three analytical replicates
for each biochar type were used for regressions. All of the
measures of C,;, with the exception of H:C were visually
determined to have long-tailed distributions (i.e., a few high
values) and were log-transformed.

A principal component analysis (PCA) was performed
on the dataset from experiment 2 to evaluate what qualities
distinguished the biochars from one another, and to evalu-
ate what characteristics corresponded with stimulation of
soil N-mineralization. The initial dataset included all vari-
ables shown in Table 1. To stabilize the results and reduce
ordination complexity, the large number of explanatory
variables were reduced to nine, one fewer than the number
of biochars analyzed. Some groups of variables that rep-
resented similar functions were reduced (e.g., inorganic-C,
pH, and ash), and variables that made small contributions
to the first three principal components were also omitted.
Long-tailed data were log-transformed, and data were cen-
tered and scaled to normalize variances. PCA was performed
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with the ‘FactoMineR’ (Husson et al. 2020) and ‘factoextra’
(Kassambara and Mundt 2020) packages in R.

3 Results

3.1 Experiment 1: Barley biochar temperature
series impacts on soil C- and N-mineralization

The respired-C from barley plant biochars decreased as
pyrolysis temperature increased, thus demonstrating lower
quantities of C_;, at higher pyrolysis temperatures (Fig. 1a).
The 350, 500, and 700 °C biochars respired approximately
18, 6, and 4% of their original C contents over the 101-day
incubation, respectively, with similar amounts respired in
both soils.

Biochar amendments also had positive priming effects,
increasing soil C respiration relative to unamended soil
(Fig. 1b). In the Willamette soil, all the biochars caused
significantly more soil respiration than unamended soil
(p £0.02 for each pairwise comparison), and the strength of
the priming effect increased with biochar pyrolysis tempera-
ture. Cumulative 101-day soil respiration increased by 20,
35, and 54% for the 350, 500, and 700 °C biochars, respec-
tively, compared to unamended soil. In the high-C Chehalis
soil, the priming effect was only significant for the 700 °C
biochar, amounting to a 34% increase in cumulative respira-
tion relative to the control (p =0.002).

Rates of N-mineralization also increased with pyrolysis
temperature (Fig. 2). Soils with no biochar or the 350 °C
biochar initially immobilized N in the first days to weeks of
incubation, while soils with 500 or 700 °C had net minerali-
zation throughout the incubation (Fig. 2). Treatment differ-
ences were greatest on measurement day 42 and later con-
verged. Focusing on day 42 to characterize treatment effects
(Fig. 2 inset plots, and Fig. 3), the 350 °C biochar decreased
net N-mineralization compared to unamended soil, although
the effect was only significant in the Chehalis soil. The 500
and 700 °C biochars increased net N-mineralization in the
Willamette soil, and were similar to the unamended control
in the Chehalis soil.

Figure 3 shows the relationship between cumulative soil
N-mineralization and cumulative soil-C respired by day 42,
relative to unamended soils. Overall, the 500 and 700 °C
biochars tended to cause more positive priming of soil res-
piration and to stimulate more soil N-mineralization, while
the 350 °C biochar had a smaller positive priming effect
and immobilized N. While there was not a linear trend of
more soil N-mineralized as more soil-C was respired, the
biochars segregated into quadrats. The 350 °C biochar fell
in the lower right quadrat—priming soil C and immobilizing
soil N—while the 500 and 700 °C biochars generally fell in
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standard deviation (N=23)
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the upper right quadrat—priming soil C and mineralizing
soil N.

Characteristics of the biochars and biochar + soil systems
were evaluated as potential explanatory variables. Consist-
ent with expectation, the C:N ratio of the biochar + soil sys-
tem (Fig. 4a), and the C:N ratio of the biochars themselves
(Fig. 4b) did not correlate with net N-mineralized by day 42.
However, in support of hypothesis 1, a negative correlation
was found between net N-mineralization and the C,;,:total
N ratio (slope p-value =0.009, R*>=0.96 for a model with a
single slope for the two soils). We note, however, the limited
distribution of the data composing this regression, given the
similarity between the 500 and 700 °C biochars. Because
total-N quantities were similar for the three barley biochars
(Table 1), the variation in soil N-mineralization was also
explained well by C;, content alone, with almost identical
statistical results. Contrary to hypothesis 2, no correlation

was found between the C:N ratio of biochar water extracts
and soil N-mineralization (Fig. 4d).

3.2 Experiment 2: expanding to more biochar types

In the second experiment, the barley plant biochars and
seven additional biochar types were incubated in Willamette
soil (1.7% total C). The response of the barley biochars was
compared in both experiments to assess repeatability. Soil
N-mineralization, which was measured on day 14 in both
experiments, was about 25% lower in the first experiment
than in the second (data not shown), possibly related to a
fresh collection of Willamette soil made in spring 2019
compared to fall 2018. Similar to experiment 1, the barley
biochars in experiment 2 exhibited increased soil N-min-
eralization with increasing pyrolysis temperatures (Fig. 5).
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Fig.4 Correlations between relative net mineralized-N after 42 days
(relative=amended minus unamended soil) and characteristics of
barley biochar and biochar+soil system, including A biochar + soil
C to N ratio, B biochar only C to N ratio, C biochar cumulative
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respired-C in 42 days to N ratio, and D biochar water-extractable
organic C to total dissolved N ratio. Biochars were pyrolyzed at 350,
500, and 700 °C. Error bars show standard deviations (N=23)
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All but one of the biochars had a neutral or stimulatory
effect on 28-day soil N-mineralization relative to unamended
soil (Fig. 5b). Only the 350 °C poultry litter biochar reduced
28-day N-mineralization, but it stimulated high 14-day net
N-mineralization (37.8 +24.3 mg N kg~!) followed by
immobilization and low net N-mineralization on day 28
(6.65+0.94 mg N kg™!). The rapid N-mineralization of the
350 °C poultry litter biochar was likely due to its very high
N content, primarily in the form of NH,* and organic-N
(Table 1). All the other biochars had an approximate dou-
bling of net N-mineralization from day 14 to day 28 (see
supplemental materials, Fig. S2).

Soil N-mineralization in 28 days correlated positively
with the C:N ratio of soil 4+ biochar system (Fig. 5a), but
not with the C:N ratio of biochar alone (Fig. 5b). When
evaluated with respect to the C,;, content of the biochars,
the larger set of biochars provided evidence to support the
hypothesis that soil N-mineralization correlates negatively
with biochar C_;, within individual feedstock types, but not
across different feedstocks (Fig. 6).

Overall, soil N-mineralization increased with higher
pyrolysis temperatures while C_;, tended to decrease.
Increases in soil N-mineralization with biochar pyrolysis
temperature were observed for the barley plant, grape wood,
and poultry litter biochar types, although variances were
high for the 350 °C grape wood biochar. Simultaneously,
C,.i, content as quantified by all three measures—KMnO -
oxidation, H:C ratio, and WEOC—generally decreased with
increasing pyrolysis temperature (Fig. 6a-c). However, the
three measures of C_;, were not entirely consistent with each
other (see Fig. S1). A notable exception to C,;, decreasing
with pyrolysis temperature was that the poultry litter biochar
had more KMnO,-oxidizable C at 700 °C than at 350 °C

Biochar C:N (atomic)

sis temperature for individual feedstocks. In B, N-mineralization is
shown as the difference between amended and unamended soil for
comparison to Fig. 6. Error bars are standard deviations (too small to
be visible in A, N=23)

(Fig. 6a). The decline in C,;, with pyrolysis temperature was
most consistent for the H:C measure (Fig. 6b).

Relationships between biochar C_;, and soil N-mineral-
ization were weaker across feedstock types. A regression
model of soil N-mineralization as a function of H:C and
feedstock type showed a significant correlation when only
pyrolysis biochars were considered (Fig. 6b, p=0.013 for
effect of H:C, R*= 0.98) but a weaker correlation when the
combustion biochars were included (p=0.11 for effect of
H:C, R?=0.84). The C:N ratio of biochar water extracts
had no consistent relationship with soil N-mineralization,
either within individual feedstocks or across the different
feedstocks (Fig. 6d).

PCA was used to explore additional biochar character-
istics apart from C;, and dissolved C:N ratio that were
associated with mineralization of soil N (Fig. 7). Initially,
all three measures of biochar C,;, were included in the
analysis, but KMnO,-oxidizable C had low loadings to
the first two axes and was subsequently excluded to reduce
ordination complexity. The first two axes of the PCA model
explained 74% of the variance in the 9 biochar characteris-
tics included in the model. Overall, the first principal com-
ponent distinguished biochar feedstocks and the second
principal component distinguished pyrolysis temperatures
(Fig. 7a). The combustion biochars also segregated from
pyrolysis biochars on component 2. The variables with the
largest loadings in component 1 were 28-day N-mineraliza-
tion and biochar C:N, which correlated positively with each
other (Fig. 7b), while inorganic C content, which increased
with pyrolysis temperature (Table 1), had the largest load-
ing in component 2. Soil N-mineralization was negatively
correlated with extractable-P, -K, and -Mg, and TDN. This
reflected low N-mineralization rates from the three most
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nutrient dense biochars—the 350 °C grape wood and the
two poultry litter biochars. H:C and WEOC, which were
hypothesized to correlate negatively with soil N-mineraliza-
tion, were orthogonal to N-mineralization in the PCA analy-
sis. The multivariate analysis thus demonstrated possible
unique responses of the most nutrient-dense biochars that
were simultaneously higher in soluble N, and extractable
P, Mg, and K.

4 Discussion

4.1 Generalizing soil impacts from biochar
characteristics

A goal of this study was to evaluate whether biochar impacts

on soil DIN content could be predicted from readily meas-
ured biochar C- and N- pools. The results suggested that
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generalizations of soil-N impacts were only predictable
within a biochar feedstock. The hypothesis that soil N-min-
eralization correlates negatively with biochar C_;, was only
somewhat supported for individual feedstocks produced at
a range of temperatures (Figs. 4c and 6b) and was not sup-
ported across feedstocks and when pyrolysis and combustion
chars were aggregated (Fig. 6b). Consistent with previous
studies, we found greater variation in soil-N response across
biochar feedstocks than across production temperatures
(Rajkovich et al. 2012; Maaz et al. 2021).

Our results highlighted the limited utility of biochar total
C:N ratios in predicting soil responses. In both experiments,
soil N-mineralization tended to increase with the C:N ratio
of soil + biochar system (Figs. 4a and 5a). This result directly
contrasts with traditional models of decomposition and evi-
dence from diverse ecosystems suggesting that increasing
soil C:N ratios should reduce N-mineralization rates (Booth
et al. 2005). Additionally, across a large range of biochar
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C:N ratios ranging from approximately 10 to 250, we found
soil N-mineralization had no relationship with biochar C:N
(Fig. 5b). This agrees with a large meta-analysis by Gao
et al. (2019) that showed inconsistent impacts of C:N on
soil N-NO;~ and N-NH,*.

However, a limitation of our study was the lack of diverse
measurements on the C:N ratio of the biologically-active
component of the biochars. Biochar C_;, content was char-
acterized with four methods (see supplemental Fig. S1 for
comparisons of C_; measures for the barley biochar tem-
perature series). However, the N content of the mineraliz-
able component was estimated only from water-extractable
organic matter, and C data suggested that water extracts
were only a small portion of the total biologically-active
pool. C,;, estimates from isotopic partitioning of respired
CO, (Fig. 1a) were approximately 10 times greater than
WEOC (Table 1), suggesting a considerable portion of
biologically-available C and N were not contained in the
water-extractable pool. Additionally, the lack of correlation
between WEOC:TDN and soil N-mineralization suggested
that biochar water extracts were insufficient to describe bio-
logically-available N (Figs. 4d and 6d).

Our findings agree with others who have shown that gen-
eralizations of biochar impacts on soil N are difficult to make
from simple biochar characterizations. For example, volatile
matter (VM) content is an easily measured property that cor-
responds with a biochar’s degree of thermal alteration and
C,,i, content (Zimmerman 2010; Enders et al. 2012). How-
ever, the composition of the VM component has been shown
to be chemically heterogenous (Spokas 2010; Spokas et al.
2011; Maaz et al. 2021), with variable impacts on soil micro-
bial activity and N-transformations. Molecular structure

measurements can help to describe the non-homogenous
composition of pyrogenic organic matter (Heckman et al.
2017; Torres-Rojas et al. 2020) and will likely be useful in
future work to generalize soil N-impacts from biochar char-
acteristics. For instance, the PCA analysis (Fig. 7) showed
that extractable nutrients had a negative correlation with soil
N-mineralization. Molecular structure measurements may
help show why the most nutrient-dense biochars had only a
small impact on N-mineralization.

4.2 Linkages between soil C- and N-mineralization

A surprising result from this study was that all the biochars
stimulated N-mineralization relative to unamended soil
(Figs. 5b and 6). Only the low-temperature poultry litter bio-
char yielded less DIN than unamended soil after 28 days, but
this was due to N-immobilization following a large pulse of
N-mineralization earlier in the incubation (Fig. S2). Based
on prior studies we expected most of the biochars to have no
impact on DIN (Zheng et al. 2012) or to reduce DIN relative
to unamended soil, with only high-N biochars (e.g., from
manure) stimulating increases in DIN (Nguyen et al. 2017;
Gao et al. 2019). Our results did not support this expectation,
as the high-N (as measured by TDN) 700 °C poultry litter
biochar yielded low quantities of DIN in soil incubations,
while the low-N 700 °C barley biochar yielded the highest
quantities of DIN (Figs. 5 and 6).

A second surprising result was that all three barley bio-
chars in experiment 1 stimulated positive priming (Fig. 3).
We had expected at least some of the biochars to cause nega-
tive priming, i.e., decreases in soil-C respiration. Although
both positive and negative priming have been reported from
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biochar additions (Zimmerman 2010; Stewart et al. 2013;
Whitman et al. 2014), a meta-analysis of 21 studies showed
that incubations less than 6 months in duration generally
suppressed soil respiration, and furthermore that negative
priming was more common than positive priming in soils
with clay contents between 10 and 40% (Wang et al. 2016),
such as the Willamette and Chehalis soil types. Viewed in
terms of the binary positive or negative impacts of biochar
on soil N- and C-mineralization illustrated in Fig. 3, we
expected at least some of the barley biochars to fall on the
left side, corresponding with negative priming. Additionally,
we were surprised that the 500 °C and 700 °C biochars both
stimulated more positive priming than the 350 °C biochar,
despite their lower C,;, content. Several studies have pre-
viously reported the reverse trend, with high-temperature
biochars having less impact or reducing soil respiration com-
pared to low temperature biochars (Cross and Sohi 2011;
Ameloot et al. 2015; Wang et al. 2016).

The finding that biochars with more microbially-resistant
biochemistry stimulated more soil decomposition is con-
sistent, however, with previous isotopic studies that evalu-
ated partitioning between soil and residue decomposition.
Studying five uncharred crop residues, Stewart et al. (2015)
demonstrated that a direct trade-off occurred between res-
piration of soil-derived C and residue-derived C in incuba-
tions. Residues that decayed the least produced the most
soil-derived C, and vice versa. Because residue- and soil-
respired C balanced each other, total C respired over the
incubation was unrelated to residue quality. Whitman et al.
(2014) also showed a trade-off between CO, respired from
biochar and soil in the first 48 h of incubations. High rates
of respired soil-C corresponded with low rates of biochar-C
respiration, in a highly significant linear relationship.

Our finding of more soil N-mineralization stimulated
by high-temperature barley biochars was surprising given
their low N-content and high C:N ratios, but was consistent
with the stimulatory effect these biochars had on soil C-min-
eralization (Fig. 3). We also noted a difference between
the two soil types, with biochar stimulating more C- and
N-mineralization from the low-C Willamette soil (Figs. 1b
and 2). Whitman et al. (2014) also found a difference in the
responses of two soils, with stronger biochar priming effects
in soils with less mineralizable-C. This stronger priming
effect in the Willamette soil, as well as its higher initial C:N
ratio which indicated less N-limitation (Table 1), likely
explained the greater N-mineralization in the Willamette
soil. These results showed that considering both biochar
and soil characteristics together is important to determine
amendment impacts on plant-available N.

Although uncommon, reports of biochar stimulating
N-mineralization are not without precedent. For instance,
additions of wood biochars to an organically-farmed soil in
coastal Washington State increased potentially-mineralizable
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N levels (Gao et al. 2016), despite the fact that the biochars
were poor sources of N.

4.3 Methodologies for biochar C;, and soil
N-mineralization

There are a large number of methods for characterizing bio-
char C,;, and soil N-mineralization, providing a spectrum
from expediency on the one hand to mechanistic detail on
the other hand. The three non-isotopic measures used to
evaluate biochar C_; —H:C ratio, KMnO,-oxidizable C,
and WEOC—can be viewed as proxies for isotopic par-
titioning methods, which are preferred as a direct meas-
ure of biochar C mineralization (Budai et al. 2013; Leng
et al. 2019). For the barley biochars, we found H:C ratio
and KMnO,-oxidizable C content corresponded well
with isotopic measures of C,;,, but that WEOC had a
less linear relationship (Fig. S1). We also noted that both
KMnO,-oxidizable C and WEOC yielded about 10% of C,;,
detected by isotopic measurements (Table 1 and Fig. 1b),
thus providing quasi-quantitative measures of C,;,. The H:C
ratio has been recommended as a community standard for
estimating biochar stability, and has been shown to corre-
spond well with degree of aromaticity and biochar residence
times from long-term incubations (Lehmann et al. 2015;
Xiao et al. 2016). H:C ratio was also the C_;, measure that
corresponded best with soil N-mineralization in experiment
2. Although H:C ratio does not provide a direct measure of
C..i, content, we agree with its use as a non-isotopic assess-
ment of biochar C;,. Although we found good agreement
between KMnO,-oxidizable C and respired biochar-C for
the barley biochars, it was critiqued by Calvelo Pereira
et al. (2011) who found it did not consistently agree with
other thermal and oxidative measures of C,;,. Additionally,
KMnO,-oxidizable C has been criticized for oxidizing many
classes of compounds indiscriminately without reflecting
microbial preference (Tirol-Padre and Ladha 2004).

Many laboratory methods are also used for characterizing
soil N-mineralization, with common incubation times rang-
ing from one to 30 weeks (Drinkwater et al. 1996; Sharifi
et al. 2007). We used a 28-day aerobic incubation in experi-
ment 2 and focused on day 42 for hypothesis testing in exper-
iment 1, because our interest was to establish an approach
for screening short-term impacts of many biochars. How-
ever, as described by Sharifi et al. (2007), different pools
of mineralizable-N are recognized over different periods of
incubation. Over the longer term (> 1 year), Nguyen et al.
(2017) showed less impact of biochar on soil N-NH,* but
larger reductions in N-NO;~ compared to short-term stud-
ies. Characterizing a wide range of biochars with inherently
different mineralizable fractions in a short-term incubation
likely misses important aspects, and assessing long-term
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outcomes is also important for completely characterizing
biochar impacts on soil-N.

5 Conclusions

This study provided initial steps towards evaluating biochar
characteristics that may be useful for predicting negative
impacts on plant-available N. We showed that biochar C:N
ratio was a poor predictor of soil N-mineralization, but that
for a given feedstock, biochar C,;, content had a negative
relationship with soil N-mineralization. Nevertheless, bio-
char C;, was not related to soil N-mineralization across
different feedstocks and biochar production methods, sug-
gesting that C_; is a chemically heterogenous pool with
variable impacts on soil plant-available N content.

Perhaps one of the most interesting findings was that a
diverse number of biochars all stimulated N-mineralization
in the two soils that were studied. Based on prior studies, we
expected biochar to have an overall neutral or suppressive
impact on N-mineralization. However, our study indicated
that despite having high C:N ratios and low N contents, bio-
chars “unlocked” plant-available N through positive priming
of soil C. These observations may be related to the fact that
the two soils studied both had relatively high C contents,
which readily supported the simultaneous decomposition
of so0il-C along with the added biochar-C. Still more sur-
prising was that for a given feedstock, plant-available N
was greater in response to high-temperature biochars that
were more resistant to microbial decomposition than low-
temperature biochars. These results add complexity to the
range of soil-N responses that can be expected in response to
biochar amendment. Because of the lack of easily measured
biochar characteristics to predict soil-N responses, biochar
users should monitor soil-N impacts of biochar amendment
to adaptively-manage soil fertility.
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