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Abstract: Although the application of biochar to soils has been proposed as a method of
carbon sequestration for climate mitigation while improving crop yields, losses of biochar
carbon (BC) through mineralization may reduce these benefits. However, few field studies
have been conducted that control for biochar migration so that the rates and processes
of BC remineralization from soils, as well as the effects of biochar on native soil organic
carbon, can be accurately determined. Here, biochar made from different biomass types
(oak, pine wood, and grass) and temperatures (lightly charred at 250 ◦C and pyrolyzed at
400 and 650 ◦C) were added to fine sandy Entisol in an open agricultural field and Spodosol
in a shaded forested site in North Central Florida. After 15 months, BC losses, determined
by the Kurth–Mackenzie–Deluca chemical–thermal oxidation method, ranged from 17.5
to 93.3% y−1 (14.0–51.5% y−1 for the 650 ◦C biochar). These losses were correlated with
but much greater than the 0.4–3% y−1 BC losses recorded in a one-year laboratory study
using the same biochars and those of several previous field studies (1–14% y−1). The
losses of non-BC native carbon stocks (i.e., positive priming) also varied with biochar and
soil type and ranged from 1.5 to 15.8% y−1. The high BC losses observed in this study
may be attributed to the subtropical and temporally variable climate conditions at the
study site. Greater efforts should be made to base BC long-term stability estimates on
field studies that monitor or control for biochar migration rather than reliance only upon
laboratory incubations.

Keywords: black carbon; chemical thermal oxidation; field study; priming; mineralization;
stability; Entisol; Spodosol

1. Introduction
Biochar is a carbonaceous material that is produced, optimally from waste biomass,

by combustion under oxygen-limited conditions for use as a soil ameliorant or carbon
sequestration tool [1]. Large-scale production and the use of biochar as a soil amendment
may offset a large part of the carbon released by burning fossil fuels and improve soil
fertility and soil C storage [2]. The condensed polyaromatic portion of biochar is inherently
resistant to microbial degradation and thus has the potential to remain in the soil for
hundreds or even thousands of years [3]. However, the longevity of biochar in soil must be
predictable for the accurate assignment of carbon offsets/climate change mitigation credits
to producers or users, e.g., farmers and land managers.

The relatively high persistence of biochar carbon (BC) is broadly accepted. For exam-
ple, a recent meta-analysis found mean BC decomposition rates of 1.8% y−1 for studies,
mostly laboratory incubations, lasting more than 1 year [4]. Another recent synthesis and
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modeling of current data estimated 63 to 82% of BC to persist over a 100-year timeframe [5].
But biochar’s resistance to degradation in soil largely depends on its physical and chemical
properties, which are mainly controlled by charring duration and temperature and feed-
stock biomass type [6]. For example, biochars made from grasses have been found to be less
stable than those made from woody materials, and biochars produced at higher tempera-
tures are more resistant to mineralization than those produced at lower temperatures [6–10].
The size of biochar particles may also have a significant impact on BC mineralization, as
smaller particles have more available surface area, which facilitates surface reactions such
as solubilization and enzymatic attack [11].

In addition to biochar type, biochar mineralization rates may be controlled by envi-
ronmental factors such as climate and soil type [11,12]. For example, as with all organic
matter, the rate of BC mineralization has been found to be directly [13,14] but non-linearly
related to soil temperature [6]. Soil structure can also influence BC mineralization directly
by controlling water and oxygen penetration or indirectly by influencing microbial and
fungal community activity and accessibility to the biochar itself [15,16]. Increases in soil
water holding capacity with biochar addition may result in greater BC mineralization by
improving conditions for microbial activity [17,18], but it may delay abiotic and biotic BC
mineralization if saturated conditions limit the supply of oxygen [19]. Studies have shown
that BC mineralization is very sensitive to moisture levels [20], with alternating moisture
conditions causing the greatest enhancement of BC mineralization [9]. However, we are
unaware of any investigations that have examined the effects of varying moisture levels on
BC mineralization under field conditions.

Biochar interaction with native soil organic matter (SOM) may alter the mineral-
ization of both, thus affecting the amount of C that is ultimately sequestered following
biochar amendment. Biochar addition to soil may either increase or decrease SOM min-
eralization (positive and negative priming, respectively), and the presence of soil may
increase or decrease BC mineralization (reverse positive and reverse negative priming,
respectively) [8,21–24]. In the case of positive priming, the introduction of a labile C source,
such as root exudates or manure, can stimulate the production of microbial exoenzymes
that lead to the co-metabolism of a more refractory C source. Nutrient mining and im-
proved microbial habitat can also lead to enhanced C mineralization [25]. In contrast, the
addition of biochar may lead to decreased rates of native SOM mineralization (negative
priming) via sorptive protection or substrate switching [8,26,27]. However, variations in
SOM priming with different biochar types have rarely been investigated in a field setting.

Thus far, the great majority of studies examining BC stability have been conducted
as laboratory incubations. However, several limitations of laboratory studies can lead
to inaccuracies in the predicted long-term stability of biochar. Because they are typically
closed systems versus the open systems of natural soils, laboratory incubations are known
to progressively deviate from natural conditions over longer experimental durations [28].
Some of the natural processes not realistically simulated in laboratory incubations include
rainwater infiltration, bioturbation, gas diffusion, and alternating conditions, all of which
can increase mineralization rates. Shifts in microbial communities and their activities may
also occur over time in closed cultures due to non-ideal conditions such as nutrient and
substrate limitation and the accumulation of metabolites [28]. While these can be avoided
by shorter-term incubations of less than a month, the extrapolation of long-term decay rates
from such short-term incubations is problematic due to the chemical heterogeneity of fresh
biochar, which causes mineralization rates to decrease exponentially over time [10]. For
example, an 8.5-year incubation experiment [29] calculated mean residence times (MRTs) of
BC twice as much as those measured during the first 2.5 y of the experiment, at 400 versus
200 years, respectively [30].



Agriculture 2025, 15, 300 3 of 23

Though field studies are needed to understand the rates and processes that control BC
loss from soils and biochar’s effects on native SOM, these types of studies are relatively
scarce. Only a few studies have examined on-site losses using biochar of known starting
composition and amount. The rest relied on natural charcoal produced from fires or slash-
and-burn agriculture. In a review of 311 papers providing quantitative estimates of biochar
stability from measurements of biochar stocks or soil respiration [31], only seven were field
studies and only three of these involved experimental additions of biochar to soils. None of
these field studies monitored or controlled for losses due to lateral or vertical BC transport,
which can be significant (discussed below). Similarly, only three of 24 studies used in a
recent meta-analysis of biochar on SOM priming [4] were field-based, and none of these
controlled for the transport losses of biochar. Of the biochar field studies conducted, only a
few examined biochar mineralization in tropical or subtropical soils, where conditions may
be most conducive to BC mineralization [32–36].

In many field experiments, losses of biochar from soil can be attributed to decom-
position, erosion (horizontal transport), or vertical migration downward through the soil
profile. A field study showed that 7–55% of the BC added to a soil through a controlled
experimental grass fire was lost by erosion and 23–46% had moved downward in the soil
profile [37]. Four and a half years after mixing biochar into the upper 7 cm layer of loamy
sandy Acrisol in Zambia, Obia et al. [38] estimated that 4–25% of the BC migrated below
this layer and 25–60% was transported laterally out of the experimental plots.

To address these research voids, the goal of this study was to examine changes in
BC and native soil C over a 15-month emplacement at two North Florida field sites. In
addition, we examine the controls on biochar C stability by using multiple biochar types
(different biomass types and production temperatures) and irrigated and non-irrigated field
plots. Through the containment of the field soils, the experiment was designed to prevent
plant growth and physical (erosional or downward migration) loss of biochar. Because
previous biochar degradation laboratory studies were conducted using the same biochar
materials as this study [10,24], another goal of the study, the comparison of biochar C loss
rates determined in the laboratory and the field, could be carried out. We hypothesize that
BC mineralization rates measured in the field will be much greater than those measured in
the laboratory, but that the factors governing the BC mineralization rate will be the same.
While the single time point destructive sampling design used in this study does not allow
for longer-term prediction of C residence times, it does provide insight into the effects of
relatively extreme field conditions on BC mineralization in soil and its interaction with
soil C.

2. Materials and Methods
2.1. Materials and Field Methods

Biochar was produced from three dried biomass types, namely the living wood portion
of oak (Laurel oak, Quercus laurifolia), pine (Loblolly pine, Pinus taeda), and the stems
and blades of Eastern gamma grass (Tripsacum dactyloides). These were pyrolyzed in a
tubular oven with continuous flushing of 99% pure gaseous N2 for 3 h at the highest
treatment temperatures (HTTs) of 400 and 650 ◦C (designated as Oak-400, Pine-650, etc.).
An additional biochar was produced under full atmosphere in an oven at 250 ◦C for 3 h
(designated as charred Oak, Pine, and Grass). These less fully charred samples, as indicated
by their lower C contents, may be representative of the products of prescribed burns,
which tend to be cooler than wildfires, and on biomass below the soil surface [39]. All
biochars were lightly crushed and sieved into particle sizes of <0.25 (fine) and 0.25–2 mm
(coarse). Detailed information on the chemical properties of these biochars is provided in
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Supplementary Information Table S1 and has been reported previously by Zimmerman
et al. [10] and Mukherjee et al. [40].

Biochars were mixed with two North Florida soils, fine sandy Entisol from an open
agricultural field at the University of Florida, Plant Science Research and Education Unit
(PSREU), Citra, FL (TOC = 10.1 mg g−1, designated as Agricultural Soil, AS) and, us-
ing a smaller set of biochars, Spodosol from a shaded forested site in Gainesville, FL
(TOC = 24.2 mg g−1, designated as Forest Soil, FS). The burn history of these sites is un-
known, but neither has seen fire for at least 50 years. Detailed information on the chemical
properties of these soils is provided in Supplementary Information Table S1. Soils were
collected from the 0–10 cm depth interval, sieved to <2 mm to remove plant roots and
debris, air dried for 4 days, and homogenized with selected biochars in a large bowl by
hand mixing. Mixture ratios of 3.2 g for oak or 2.4 g for pine or grass biochar kg−1 soil
at the AS site were used so as to obtain similar BC addition rates. Due to limited biochar
availability, 2.3 g kg−1 soil biochar of all types was used at the FS site.

The soil collection sites were used as field emplacement sites, with separate irrigated
(12 mm every other day) and non-irrigated plots at the AS site. Each treatment type was
duplicated and placed randomly within each 3 × 2 m plot. The soil–biochar mixtures
(or soil-alone controls) were placed into 2.4 L plastic buckets with eight 1 mm holes and
0.25 mm metal mesh screening in the bottom to deter the downward loss of particles (but
allow for moisture flow through and potential BC leaching). These buckets were buried
to a depth of 20 cm so that the soil in the buckets was level with the native soil and about
10 cm of the bucket sides extended above the soil surface so as to deter lateral particle loss.
Each bucket was covered on top with landscaping cloth (Blue Hawk™ fabric) for shading
and to deter weed growth and photodegradative loss.

Both soil-alone and soil–biochar mixtures were emplaced for 15 months (June 2009
to September 2010) at the two sites, after which the whole buckets were retrieved. This
time period was chosen so as to include two summer periods, when biochar degradation
was assumed most likely to occur. The emplacements were kept free from debris and
weeds by periodic cleaning. The climate of North Central Florida is subtropical, with an
average temperature at the study site during the experimental period of 21.7 ◦C and an
average summer (June–August) temperature of 29.1 ◦C. During the experimental period,
the site received 203.3 cm of precipitation (about 60% during the two summers) and an
additional 560.1 cm was added to the irrigated plots. After the experimental period, soils
were retrieved, homogenized by hand mixing, air-dried, and stored until chemical analysis.

2.2. Analytical Methods

Initial soil and soil–biochar mixture samples were stored in a freezer until the end of
the experiment and were analyzed together with the ‘final’ collected samples. So, all the
same reagents and methods were used. Prior to analysis, whole-bucket samples were dried
(80 ◦C, 48 h) then subsampled using a sample splitter (W.S. Tyler® SS-50). Total organic
carbon (TOC) contents of the samples (pre- and post-emplacement) were analyzed after
HCl acidification to remove inorganic C on a Carlo-Erba NA-1500 CHS Elemental Analyzer
and were analyzed in duplicate (or additional times until reaching < 5% relative error).

Biochar carbon (BC) contents of pre- and post-emplacement soil–biochar mixtures
and control samples were analyzed using a chemothermal oxidation method (CTO), the
Kurth–Mackenzie–Deluca (KMD) method, which quantifies BC by removing presumably
non-biochar carbon (non-BC) via oxidative digestion and measuring C in the remaining
material. This method has been widely applied to estimate BC quantities in soil [41–45].
The assumption that all non-BC and only non-BC is removed in the KMD digestion process
has been questioned based on the observations of strong correlations between soil TOC
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and CTO-derived BC across many studies [46] and low CTO-derived BC recoveries from a
variety of biochars (e.g., [45,47]). On the other hand, BC quantified by the KMD method
has been found to be well correlated with that of the more widely accepted 13C isotope
approach [48]. In addition, 13C cannot be used to quantify BC when there are not significant
differences between the 13C/12C ratio of native SOC and the biochar added, as is the case
in the current study.

Following Kurth et al. [49], about 1 g of sample ground to <0.76 µm, 20 mL of 30%
H2O2, and 10 mL of 1M HNO3 were added into 250 mL glass beakers. The mixtures were
then heated to 100 ◦C on a heating plate for 16 h with periodic stirring. After complete
digestion (no observation of further effervescence), samples were filtered through Whatman
#2 filter paper, after which the sediment-laden filters were oven-dried at 60 ◦C. Samples
were then carefully scraped from the filters, weighed, and analyzed for C content.

Biochar C content measured via the KMD method was calculated as

BC
(

mg C
g soil

)
=
(

Cpost digestion

)(mg
g

)
×
(

mpostdigestion

mpredigestion

)
(1)

where mpre-digestion and mpost-digestion are the soil weights before and after digestion, respec-
tively. The average analytical standard error of the KMD method was found to be 4%.

2.3. Data Treatment

Because the BC content of the pre-treatment soil was non-zero, we concluded there
was pre-existing pyrogenic carbon in the soil. This likely occurred because of fire activity
of more than 50 years ago or from non-pyrogenic processes that have recently been found
to produce condensed aromatic carbon [50] that may be resistant to oxidative digestion.
Alternatively, the KMD method may include other non-pyrogenic forms of soil C that
are resistant to CTO treatment. Since we are interested here in changes to the quantity of
the added BC and we assume that no significant changes to the pre-existing pyrogenic C
occurred during the period of the study due to its likely refractory nature, we calculated
the BC initially present in each treatment sample (BCinit.) as

BCinit. = BCmeas.init. − BCmeas.ctl.init. (2)

where BCmeas.init. is the BC content of the initial soil–biochar mixtures and BCmeas.ctl.init is
the BC content of the initial control soil samples, both as measured by the KMD method.
Similarly, the BC content of each treatment sample at the end of the experiment (BCfin.) was
calculated as

BCfin. = BCmeas.fin. − BCmeas.ctl.fin. (3)

where BCmeas.fin is the BC content of the final treatment samples and BCmeas.ctl.fin is the BC
content of the final control samples, both as measured by the KMD method.

The proportion of BC lost during field emplacement (BC %Loss) was calculated as

BC %Loss = (BCinit. − BCfin.)/BCinit. % (4)

The initial and final native soil C (non-BC) in each sample was calculated as

non-BCinit. = TOCinit. − BCmeas.init. (5)

and
non-BCfin. = TOCfin. − BCmeas.fin. (6)
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The proportion of non-BC lost or gained in a soil–biochar mixture due to the biochar
addition (positive or negative priming, respectively) during field emplacement (non-BC
%Loss) was calculated as

non-BC %Loss = [(non-BCinit. − non-BCfin.) − (non-BCctl.init. − non-BCctl.fin.)]/non-BCinit. (7)

The data were analyzed using open-source R statistical software (version 4.3.3). Paired
t-test tests were used to test for significant differences in BC and native soil C changes
among treatment types. The BC %Loss or non-BC %Loss of soil–biochar (coarse samples
only) mixtures were analyzed using a two-way analysis of variance (ANOVA) to test for
significant effects of biochar biomass type (grass, oak, and pine) or pyrolysis temperature
(charred, 400, and 650 ◦C). Multiple comparisons among paired treatment types (with
duplicated treatments included separately) were performed using Tukey’s HSD tests. In all
cases, significant differences were accepted at a p < 0.05 (unadjusted) level.

3. Results
The biochars produced had TOC contents ranging from 83 wgt.% for Pine-650 to

52.7 wgt.% for charred grass (Table S1) and generally increased with production tempera-
ture, as has been found previously (e.g., [24]). The H/Corg ratios of the biochars ranged
from 0.33 to 0.83 for Oak-650 and Pine-400, respectively.

The average initial and final TOC, BC, and non-BC contents of the soils and soil–
biochar mixtures are listed in Supplementary Information Tables S2 and S3 (and each
individual measurement can be found in Tables S6 and S7). The average relative standard
deviation of TOC and BC measured in duplicate treatments was found to be 3.3 and 7.3%,
respectively. The average initial and final BC contents of each treatment soil at AS and
FS, measured by the KMD method, are plotted in Figures S1 and S2, respectively. The
initial TOC content in FS (24.2 mg g−1) was much greater than that of the AS (10.1 mg g−1),
and both slightly decreased after 15 months likely due to microbial stimulation during
transfer to buckets and homogenization. Average initial BC measured by KMD was 0.4 and
1.0 mg g−1 in AS and FS, respectively, which represented pre-existing ‘pyrogenic carbon’ in
the soil, as determined by the KMD method.

With biochar addition, the soil organic carbon (SOC) of initial soil–biochar mixtures
ranged from 12.4 to 15.0 mg g−1 in AS and 25.4 to 29.8 mg g−1 in FS, as the C content of
each biochar differed. Thus, the average initial BC content of the mixtures ranged from
0.3 to 2.4 mg g−1 in AS and from 0.5 to 2.1 mg g−1 in FS. The final BC content ranged from
0 to 1.7 mg g−1 in AS and from 0.1 to 1.2 mg g−1 in FS after field emplacement. Initial
non-BC content of the mixtures ranged from 11.2 to 13.2 mg g−1 in AS and from 23.5 to
27.5 mg g−1 in FS. After the field period, final non-BC content had decreases ranging from
8.7 to 12 mg g−1 in AS and 21.8 to 25.7 mg g−1 in FS.

3.1. BC Loss Variation

After field emplacement, while TOC in all treatment soils was greater than their
respective controls soils, the average BC content decreased in all biochar-amended treat-
ment types, and this decrease was statistically significant in about half of the treatment
types despite the high degree of variation among replicates. The average BC %Loss from
biochar-amended treatments ranged from 19.7 to 72.3% in AS (Figure 1 and Table S2) and
17.5 to 93.3% in FS (Figure 2 and Table S3) and varied with both biochar parent material
and production temperature. Among all treatments, mean BC% losses at the AS and FS
sites were 53 and 55%, respectively.
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At the AS site, average BC %Loss for grass, pine, and oak biochar treatments differed
significantly at 70, 41, and 51%, respectively (Figure 3). The mean loss of 650 ◦C biochars
in AS was 39%, which was significantly lower than the 64 and 58% BC loss for charred
and 400 ◦C biochar, respectively. Also at the AS site, although the average BC %Loss
was slightly greater in fine versus coarse biochar-amended treatments (45.7 versus 43.8%,
respectively) and at the irrigated versus non-irrigated plots (Table S4), these differences
were not statistically significant due to the high variability among different biochar types,
even within duplicate treatment types. The average difference in BC %Loss between
duplicate treatments in AS was 8%.
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(d) temperature. ‘ns’ indicates a non-significant difference.

The average BC %Loss in FS for grass, pine, and oak biochar was 58, 71, and 47%,
respectively, but in contrast to the AS samples, these differences were not significant due to
a larger variance among duplicate treatments (mean of 9% at FS, Figure 3 and Table S4). As
with AS treatments, 650 ◦C biochar C losses were significantly less than that of the charred
or 400 ◦C biochar (35 versus 70 and 74%, on average, respectively). Overall, the mean
BC %Loss was slightly greater at the FS versus AS site (55 versus 53%, respectively). But
again, this difference was not statistically significant.
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3.2. Native SOC (Non-BC) Loss Variation

After field emplacement, there were significant losses of non-BC content in more than
half of the biochar-amended treatments in the AS and FS plots (Figures 4 and 5), ranging
from 1.5 to 15.8% (Tables S2 and S3). Mean non-BC %Loss was significantly greater in the
AS compared to the FS treatment plots (9.5 versus 4.7%, respectively, Table S4), but it was
not significantly different between irrigated and non-irrigated plots in AS or in fine and
coarse-sized oak biochar-amended plots.
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Average non-BC %Loss in the oak biochar treatments in AS was 8.7%, which was lower
than the 10.4 and 11.1% average losses in grass and pine biochar treatments, respectively
(Figure 6). In FS, the average non-BC %Loss in the grass biochar treatment was 6.9%,
significantly greater than the 4.9 and 2.1% losses in oak and pine biochar treatments,
respectively (Figure 6).
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Average non-BC %Loss also varied with the biochar pyrolysis temperature in the
following order: charred biochar > 400 ◦C > 650 ◦C biochar, both in AS and FS plots
(Figure 6). Of these, only the difference between the charred and 650 ◦C biochar
non-BC %Loss in FS was significant (Figure 6).

4. Discussion
The very high BC loss rates observed in this study will be discussed after first examin-

ing the factors and processes that may have controlled biochar and native soil C loss during
the field emplacement. Potential BC loss mechanisms include microbial mineralization,
solubilization, and physical loss via biochar migration.
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4.1. Controls on Biochar C Loss

The factors potentially influencing BC loss in this field study include biochar biomass
type, biochar pyrolysis temperature, biochar particle size, soil moisture levels, and soil type.
The results suggest that the loss of BC was mainly controlled by biochar biomass type and
production temperature, as biochar particle size, soil type, and moisture conditions were
not observed to have a significant influence on BC loss (Table S4).

4.1.1. Effects of Biochar Parent Material

At the AS site, BC %Loss in grass biochar-amended plots (70%) was significantly
greater than that of oak (51%), and both were significantly greater than that of pine biochar
(41%) (Figure 3). Many laboratory studies have found that biochar parent material influ-
ences its chemical composition and thus its stability [51]. Grass biochar has often been
found to be of greater lability than biochar made from woody materials in laboratory
studies [6,10,52,53]. This study is the first to observe this in a field setting. This has been
attributed to the lower degrees of aromatic condensation of grass-derived biochars, prob-
ably due to the high cellulose relative to the lignin content of grass [54,55]. In contrast,
wood-derived biochar decomposes more slowly [4] likely because of its higher aromatic C
content [52,56]. In line with findings in AS, laboratory incubations of biochars from hard
woods such as oak have usually been found to be of greater stability than those from soft
woods such as pine [10,57].

In contrast to the results from AS, in FS, pine biochar-amended treatments had the
highest average BC %Loss (71%), higher than the BC %Loss for grass (58%) and oak (47%)
biochar, although this difference was not significant. However, this result may be related to
the high variability of BC %Loss data in FS due to the lower number of treatments (only
four treatments each for grass and pine biochar).

4.1.2. Effects of Biochar Production Temperature

It is clear from many laboratory studies that biochar produced at higher temperatures is
more resistant to mineralization than biochar produced at lower
temperatures [6–10,53,58]. In a meta-analysis of mainly lab studies, Wang et al. [4] found
biochar produced at 200–375 ◦C decomposed, on average, three times faster than biochar
pyrolyzed above 375 ◦C. In laboratory incubations of the same biochars used in this study,
Zimmerman [10] found that charred and 400 ◦C BCs mineralized at rates 1.5 to 2.7 times
faster than BCs produced at 525 and 650 ◦C. Similarly, in the present study, BC %Loss of
charred and 400 ◦C biochar at AS was 1.7, 2.2, and 1.2 times greater than that of 650 ◦C BC
from oak, pine, and grass, respectively (Figure 3).

The greater stability of higher temperature biochars is closely related to chemical
changes that occur during pyrolysis. Elemental analyses, along with solid-state nuclear
magnetic resonance (NMR) and Fourier transform infrared (FTIR) spectroscopy, reveal that
when beginning at a temperature of 250 ◦C, the primary components of plant dry matter,
such as cellulose and lignin, predominantly dehydrate into phenols, furans, and small
aromatic units with high levels of O, H, and S substitutions [7,55]. At temperatures ranging
from 400 to 500 ◦C and higher, stepwise depolymerization, the loss of functional groups,
aromatization, dehydrogenation reactions, and the removal of substituents result in the
formation of larger fused aromatic ring systems. These condensed structures are likely the
most resistant to both biological and abiotic degradation [10].

4.1.3. Effects of Biochar Particle Size

Previous laboratory studies have found that the rates of mineralization of larger sized
biochar particles are lower than those of smaller sized particles [10,59,60]. For example,
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during a 1 y incubation of the same materials used in the current study, the rate of biochar C
mineralization was 12% greater for fine (particle size < 0.25 mm) compared to coarse biochar
fractions (0.25–2 mm) in incubations with microbes and 41% greater in abiotic incubations,
on average [10]. This is likely because of the greater amount of surface exposure of fine
particles to dissolution, oxidation, and microbial exoenzyme attack. However, in the current
field study, BC %Loss from coarse and fine-sized biochar-amended treatments was not
significantly different (43.8 versus 45.7%, respectively) (Table S4). This may be because over
longer time periods and with the very high degrees of BC mineralization that occurred,
kinetic limitations dictated by diffusion into biochar inner surfaces were minimized. In
addition, over time, biochar may be physically broken down into smaller particles [61]. This
is more likely to occur under field conditions, where temperature and moisture conditions
vary in contrast to the constant conditions of laboratory incubations. This may also partly
explain the greater BC mineralization rates observed in this field study compared to those
from laboratory incubations (discussed further below).

4.1.4. Effects of Soil Type

The FS had higher initial organic matter content than AS (mean TOC of 24.2 versus
10.1 mg g−1, respectively) as well as higher clay content (10% versus 2%, respectively,
Table S1). Correspondingly, the average BC %Loss of each biochar type (except for pine
biochar) was lower in FS (Figure 3), though not significantly, given the lower level of
replication. In addition, fewer treatments showed significant BC content decreases in FS
compared to in AS (Figures 1 and 2).

Previous studies have found that biochar stability varies with soil type. For example,
in a laboratory study of biochar applied to five different soils, Yang et al. [62] found that
biochar stability was greater in clay-rich acidic soils compared to those of lower clay content.
Similarly, BC mineralization was found to be the lowest in clay soils (Oxisol < Vertisol),
followed by sandy clay loam soils (Entisol) and highest in sandy soils (Inceptisol) [63]. The
mineralization of BC may also be influenced by the amount and type of native organic
matter present. In laboratory incubations of rice straw biochar in various rice paddy soils,
biochar mineralization increased with native SOC content [64]. On the other hand, BC
mineralization in a sandy clay loam was unaffected by repeated amendments of plant
residues over seven years [65]. These contrasting results are likely due to the dependence of
BC mineralization on SOM lability, where a labile C source may stimulate microbial activity,
resulting in BC loss via co-metabolism versus the protective or diluting effect of a more
refractory C source. For example, Zimmerman and Ouyang [27] found that the addition of
sucrose enhanced BC mineralization, whereas dissolved humic acid suppressed it. A recent
meta-analysis [66] found that biochar additions increased soil aggregation in neutral and
acidic soil but not in alkaline soil. Thus, biochar may also have been better protected from
degradation in FS due to its lower pH (pH 5.8 and 6.3 in FS and AS, respectively, Table S1)
in addition to its greater clay and SOC content.

4.1.5. Effects of Soil Moisture

Increased soil moisture, achieved in this study through irrigation applied to one of the
plots, could have had several effects on BC loss. First, higher soil moisture may enhance
microbial activity and thus BC mineralization [67]. On the other hand, saturated conditions
may limit oxygen availability. For example, the mineralization of 350 ◦C oak BC under
saturated conditions was half that of under unsaturated conditions [9]. Second, moisture
addition may increase biochar solubilization, making it more available to microbes as a
substrate (30–40% of dissolved biochar was found to be microbially mineralizable, [68]).
Previous laboratory studies of the biochars used in the present study found the trend in BC
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leaching was pine ≈ oak < grass biochar and low > high temperature biochar [40,69,70].
These trends were similar to the trends in BC %Loss observed in this study.

In the present study, there was no significant difference between BC %Loss in the
irrigated and non-irrigated plots at the AS site (Figure 1 and Table S4). There are several
potential explanations. First, it may be that because precipitation rates at the study site
were relatively high, the effect of additional moisture through irrigation may have been
minimized. We know of no BC loss field studies conducted in dryer climates that examined
the effects of moisture addition. Second, laboratory leaching studies generally show BC
losses in the range of 0.04–2% [40,71–74]. A study using the same biochars and soils used
here and extrapolating laboratory leaching results to an equivalent water flow-through of
a full year of rain in North Florida, estimated annual BC losses of 1 to 3.7% [40]. Biochar
leaching rates have been shown to roughly double following four years of aging [75].
However, these leaching BC losses are still small compared to the 17.5–93.3% BC losses
recorded in the present study; thus, they were unlikely to be detected as a significant effect.

4.1.6. Potential for BC Physical Loss via Migration

There is also the potential that some biochar particles may have been lost to lateral
erosion or downward migration through the soil [20,32,33]. For example, Pulcher et al. [76]
found that 81% of the BC initially added to an Italian tree plantation soil remained in the
top 20 cm of soil during the first year, which later decreased to 63.3% after three years.
A nine-month field experiment in Switzerland [77] found that approximately 35% of the
biochar added to topsoil (0–5 cm) was lost via migration. Obia et al. [36] mixed biochar into
the surface (0–7 cm) layer of loamy sandy Acrisol in Zambia. After one year, they found
that only 45–66% of the total applied biochar was recoverable from the applied layer. After
3 years, 4–25% of the biochar was detected in the soil layers (7–30 cm) below which it was
applied [38].

Unlike any previous field incubation study we know of, here, soils were enclosed
in partially buried buckets to inhibit the downward and horizontal migration of biochar.
Though the bottom of the bucket had 1 mm holes and was lined with a 0.25 mm metal mesh,
biochar particles < 0.25 mm still could have been lost. The biochar added was less than
2 mm in size and has the potential to break into smaller particles in the soil, while the fine
biochar particles added were smaller than 0.25 mm. Thus, a significant portion of biochar
could have moved downward and evaded quantification in this study. However, several
observations suggest that migration was not the major mechanism for the BC losses of the
present study. First, visually, there was no apparent accumulation of biochar particles in the
bottom portion of the buckets after retrieval from the field. Second, there was no greater
loss of BC in irrigated plots, as would be expected if the downward movement of water
played a role facilitating downward migration. Third, there were no greater losses from the
AS that had greater sand content which therefore would have facilitated downward BC
migration. Fourth, coarse and fine biochar treatments showed no significant differences
in BC losses. A previous study found that fine biochar particles displayed the greatest
downward migration, suggesting its movement through soil inter-particle spaces [38].
Finally, the observed trends in BC losses with biomass type and pyrolysis temperature
corresponded to those which would be expected based on laboratory incubations. The BC
mineralization rates of the field (at AS) and lab experiments, both carried out over about
1 year, were significantly linearly correlated (Figure S3, R2 = 0.229, p = 0.024). These trends
would have been unlikely to be maintained had losses been strongly influenced by BC
erosion or downward migration.
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4.2. Biochar Interaction with Native Soil C (Priming)

Most biochar-amended treatments in AS and FS showed significant losses of native soil
C (non-BC) during the study period, ranging from 1.5 to 15.8% (and none showed increases),
indicating that biochar had a positive priming effect on the SOC mineralization. While most
studies of biochar priming effects have been conducted in the laboratory, available field
studies have found the biochar priming effect to be positive [78], negative [79–84], or non-
existent [85]. For example, the addition of rice husk biochar to a monsoonal alluvial plain
soil reduced native SOC content by 15–42% after five years [78]. In contrast, after six years,
carbon stocks in Exira silty clay loam in southwestern Iowa planted with switchgrass were
found to increase by twice the amount of the carbon added from biochar [80]. Clearly, there
are complex interactions and multiple factors that influence the mechanisms associated
with SOC mineralization following biochar amendment. The possible factors that may
have influenced native soil C priming in the current experiment include biochar biomass
type, biochar pyrolysis temperature, and soil type.

4.2.1. Effects of Biochar Parent Material on Non-BC Priming

An effect of biochar biomass type on priming was observed in FS but not in AS
(Figure 6). In FS, grass biochar-amended treatments had significantly greater non-BC
%Loss than pine and oak biochar-amended treatments. Similar results were found in
a previous laboratory study using same biochar materials in which greater increases in
SOC mineralization occurred in grass compared to oak biochar treatments [24]. A similar
trend has been reported in other laboratory studies [23,86]. This can be attributed to the
higher lignin content of wood, resulting in biochar with lower proportions of polar groups
(i.e., high C/N and C/O ratios) and thus a lower value substrate for microbes compared to
grass biochar [24,87–89]. Why the effect of biochar biomass type on SOC priming was not
observed in AS is unclear, but it may be related to the lower SOC content and presumably
lower lability of AS organic matter.

4.2.2. Effects of Biochar Pyrolysis Temperature on Non-BC Priming

A meta-analysis study by Wang et al. [4] reported that the biochar-induced priming
effect was not strongly dependent on biochar pyrolysis temperature. However, these
results may have been influenced by the range of biochar biomass types and incubation
periods included in this study. In a laboratory study, DeCiucies et al. [90] reported a
strong temperature effect, with SOC loss generally decreasing (i.e., negative priming) with
willow stem biochar pyrolysis temperature. A similar result was found in a previous
laboratory study using same biochar materials as the current field study [24]. In line with
these findings, in both AS and FS, charred biochar caused the greatest average non-BC
%Loss, while 650 ◦C biochar treatments had the lowest average non-BC %Loss, although
the difference in non-BC %Loss between charred and 650 ◦C biochar was only significant
in FS (Figure 6). These findings can be attributed to the greater lability of low-temperature
biochar due to its greater abundance of O-containing functional groups, which would
result in the co-metabolization of non-BC. At the same time, the greater surface area of
high-temperature biochar would offer native SOC greater sorptive protection.

4.2.3. Effects of Soil Type on Non-BC Priming

The magnitude and direction of the biochar-induced priming effect may also
be influenced by soil properties, including SOC content, pH, texture, and moisture
content [63,91,92]. In this field study, we did not observe significant differences in
non-BC %Loss between irrigated and non-irrigated plots in AS (Table S4), so here, mois-
ture did not play a clear role in biochar’s priming effect. Similarly, biochar particle size
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had no apparent effect. However, average non-BC %Loss in AS (9.5%) was significantly
greater than in FS (4.7%, Table S4). Previous laboratory studies have found a general trend
of positive priming by biochar in low-carbon soils and negative priming in high-carbon
soils [24,87,93]. A likely reason for this is that the microbial population in low-C soils
is more readily stimulated by the addition of a labile C source and nutrients provided
by biochar in comparison to those in high-C soils that may already have their substrate
needs met.

Soil texture may also be an important influence on the priming of native SOC by
biochar in this field study, since AS was more sandy and less clayey than FS (Table S1).
In line with our findings, previous laboratory studies [4,93,94], including a meta-analysis
of these studies [4], have concluded that biochar application to sandy soils (clay content
< 10%) produces a stronger positive priming effect than in clay-rich soils. Biochar may
stimulate microbial activity in low-clay soils, whereas large amounts of clay can promote
the formation of stable soil aggregates (<250 µm) through organic–mineral interactions
between natural or added organic matter, biochar, and soil minerals [95,96], which protects
native SOC against further decomposition. The finding of only positive priming observed
in this study may be related to the relatively low clay content of both AS and FS (<10%),
which may have deterred aggregate formation.

The biochar amendment rate also has an important effect on the SOC priming
effect [97–99]. The application of low doses of biochar generally enhanced SOM decompo-
sition in low-carbon soils, whereas higher rates of biochar application resulted in a stronger
negative priming effect. For example, Liu et al. [98] reported that only the highest of three
different biochar doses (1%, 2%, and 5%) reduced SOC mineralization. Thus, the finding
of only positive priming observed in this study may be related to the relatively low doses
(0.2–0.3% by weight) of biochar added.

Finally, the incubation time period may have played a role in the finding of biochar-
stimulated SOC loss. It is generally thought that positive priming dominates early in an
incubation period but switches to negative priming over the long term [12,25,87]. The
increase in SOC mineralization in soil immediately after biochar addition can be explained
by the introduction of a labile substrate and nutrients and perhaps an increased microbial
habitat causing microbial stimulation, whereas negative priming during later stages has
been attributed to the protection of SOC by adsorption to biochar or encapsulation within
biochar-facilitated aggregates [24,25]. One long-term laboratory study found that biochar
addition produced a positive priming effect on SOC mineralization for 2.3 years after
amendment, with a subsequent decreasing trend after 5 years [56]. Since we only collected
samples after 15 months of field incubation, it may be that the soils had yet to switch from
positive to negative priming.

4.3. Comparison of BC Loss Rates with Other Laboratory and Field Studies

A comparison of the results of this field experiment with those of previous laboratory
experiments using the same biochar material [10] shows that the factors controlling biochar
loss were similar (Figure S3). In both lab and field experiments, the biomass pyrolysis
temperature was the primary controlling factor with biomass type, a secondary factor.
However, the BC mineralization rates observed in this field experiment (16 to 59% BC y−1

for 400 and 650 ◦C biochars) were much higher, by factors of 20 to 30, than those of the
previous laboratory incubations of the same biochars (0.6 to 1.9% BC loss y−1).

Using the average BC %Loss measured in this study, we can calculate the mean
residence time (MRT) of each added biochar based on a linear degradation model (since we
only have the initial and final time point). The MRT of BC in AS and FS ranged from 1.3 to
5.6 years (Table S1) versus an MRT of 56 to 161 years using lab incubation data. However,
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it should be recognized that linear degradation models yield MRT estimates much greater
than those from more widely recommended two-component exponential or power function
decay models [100].

In order to compare the BC degradation rates of this study with those of a wider range
of studies, one must account for the use of different biochars of varying inherent chemical
stability. Biochar is mainly composed of both condensed and non-condensed polycyclic
aromatic compounds (poor in H), as well as functional groups (rich in H). Because the
former is much more resistant to microbial enzymatic attack, the relative mixture of these
forms is a determinative factor in determining the stability of biochar. Thus, the H/Corg

molar ratio has been suggested as an index of biochar stability, supported by correlations
between biochar H/Corg and laboratory mineralization data [5,101]. An upper H/Corg

limit of 0.7 has been proposed by the International Biochar Initiative (IBI) and the European
Biochar Certificate (EBC) as the maximum H/Corg ratio for a biochar to be considered for
use in climate mitigation projects [102]. This is a conservative value to ensure that at least
50% (at a 95% confidence level) of the BC remains in soil after 100 years [101]. Most of the
charred and 400 ◦C biochars used in the current study had H/Corg near or greater than
0.7 (Table S1), so they would not qualify for climate mitigation yet may still represent some
of the charred materials produced by natural fires. However, the 650 ◦C biochars had
H/Corg ranging from 0.33 to 0.45, yet still had MRT estimates of 2.1 to 5.6 years, much
lower than observed in previous studies, most of which were conducted in the laboratory.
It may be that laboratory studies have vastly overestimated the field stability of biochars.

We know of only two other studies that directly compare the mineralization of the
same biochar type in the lab and field. Using Miscanthus grass biochar, Rasse et al. [103]
calculated a BC mineralization rate of 0.41% y−1 after 90 days of laboratory incubation
compared to 0.8% y−1 in the field, measured over a growing season. These rates are
much lower than ours, perhaps due to the biochar’s higher production temperature
(600–700 ◦C, H/Corg of 0.18), and the lower factor of difference (2x) may be attributed to
the much lower temperatures of the Norway field site (annual temperature of 6 ◦C). An-
other study using maize silage biochar prepared by gasification (40 min at 1200 ◦C) found
2.3% y−1 BC mineralization loss after 222 days of laboratory incubation [104] compared to
5.1 to 14.2% y−1 BC mineralization in the 164- and 245-day field incubations the United
Kingdom and Italy, respectively [79,83]. Decreasing mineralization rates are usually found
as experimental time lengthens [4,28,29]. Again, these factors of difference are not as great
as in the current study but had cooler and dryer climates, respectively.

Although a meta-analysis found no statistical difference between BC stability in lab-
and field-derived experiments [4], no effort was made in the study to standardize for
differences in the types of biochar used. Thus, to compare BC mineralization rates derived
from lab incubations and field studies more widely, BC mineralization rates of studies that
published the H/Corg ratio of the biochar used (listed in Table S5) were plotted against
the biochar H/Corg ratio (Figure 7). The BC mineralization rates of all the laboratory-
incubated biochars were < 10% y−1, though most had mineralization rates in the range of
0.1–2% y−1 and showed a linear increase with H/Corg (p = 0.06). Field-derived BC min-
eralization rates, excluding the current study, ranged from 0.6 to 15% y−1 and generally
increased with the H/Corg ratio (p = 0.20). The slope of the field-derived BC mineraliza-
tion in the H/Corg plot was also nine times greater than that for lab-derived BC losses,
suggesting a greater dependance of BC stability on biochar type in the field compared to
the lab. It should be noted, however, that unlike the present study, only one of these field
studies [105] controlled for BC migration losses or lateral translocation.
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Several factors may play a role in enhancing BC mineralization in the field compared
to laboratory studies. The variability of conditions such as moisture and temperature,
particularly freeze/thaw and drying/rewetting cycles, are known to stimulate microbial
activity and thus organic matter degradation [106,107]. In contrast, the closed and constant
conditions of a laboratory system inhibits microbial activity [28] and cannot simulate
additional environmental processes such as water and air flow-through, exposure to ozone
and UV radiation, and soil fauna activity including bioturbation.

The BC degradation rates in the current field experiment (MRT of 1.3 to 5.3 y) were
higher than those reported in the limited number of previous field trials. However, several
previous field biochar mineralization studies reported a BC MRT on the same order as
those of this study, including 12.6 years at a coppice plantation in northern Italy [79,82],
11 years in Ferralsol in a dairy pasture in Tasmania, Australia [79,82], and 3.8 to 9.9 years
in continuous permafrost-affected forest soils in northern Canada [108]. Factors that may
have played a role include climate and biochar and soil type. The field site was located in
the subtropics, with a strong rainy season and where the average temperature could reach
27 ◦C for half of the incubation time, which may have accelerated the physical degradation
and chemical oxidation of biochar particles. In contrast, Ventura et al. [79] and Singh
et al.’s [82] studies were carried out in cooler temperate regions. Clay particles have also
been found to play a crucial role in stabilizing BC [11]. In this study, the relatively low
clay content of the field site may have provided poor protection for biochar from physical
and biological degradation and may have deterred aggregate formation. Finally, the high
H/Corg of the added biochar implies that the biochar was of lower chemical stability than
that used in previous field studies.
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4.4. Consideration of KMD Method of BC Quantification

The KMD method used in this study to quantify BC is considered a conservative
approach that tends to underestimate the BC content [45,47,109]. Soucémarianadin et al. [45]
found that the recovery of BC in soil by the KMD method was only 20% for feathermoss
BC produced at 250 ◦C and reaches 70 and 100% for black spruce needle biochar produced
at 425 and 600 ◦C, respectively. Thus, while the losses recorded in this study would still
be accurate, they may only apply to the most stabile portion of the biochar added and BC
mineralization rates would likely have been even greater had the KMD method detected
all the added BC.

Another issue is the detection of BC in the control soil by the KMD method that we
assume to be pre-existing pyrogenic carbon in the soil. However, an alternative explanation
is a false positive detection due to the existence of a highly refractive portion of the native
SOM that was not completely digested during the KMD chemical thermal oxidation process.
This was addressed by quantifying only added BC, calculated as the difference between BC
in treatment samples and the control soil at the start and end of the incubation. However,
it would have resulted in the inclusion of this pre-existing possibly pyrogenic carbon in
the pool identified as non-BC. While there are issues with the KMD method, we find the
method to be effective for use in biochar mineralization studies such as this one that is not
amenable to the use of the stable isotopic differentiation of C sources, either because the
amount of added biochar is low compared to native soil C or because it seeks to compare
different biochar types with stable C isotope signatures that cannot all be different from
that of native soil C.

5. Conclusions
The most important finding of this field study was BC mineralization rates (19.7 to

72.3% in the agricultural soil and 17.5 to 93.3% in the forest soil) that were much greater
than those of previous laboratory and field studies. We realize that these rates are much
higher than previously measured, but they are supported by the observation that the
factors controlling BC loss, including biochar biomass and soil type and biomass pyrolysis
temperature, were similar to those found previously. In addition, positive priming reduced
native soil carbon stocks by 1.5 to 15.8% and also varied with the characteristics of the
biochar and the soils, as found previously in laboratory incubations.

While the BC and biochar-induced native soil C mineralization rates measured here
may have been unusually high due to the local climate and the biochar and soil types
used, it further supports previous findings that laboratory incubation studies are likely to
overestimate the stability of biochar in soil. This and the long period of positive priming
of SOC are also of concern from the perspective of the use of biochar to sequester C and
offset climate change. We therefore recommend much greater efforts to determine BC
stability under varying field conditions (climates and soil types) through the establishment
of a research network of long-term field trials. These field trials should either control and
monitor biochar migration loss or be of large enough spatial extent to eliminate biochar
migration as a concern. They also should utilize a set of standard biochar materials.

A further outcome of this study was the demonstration of the ability of the simple and
low-cost KMD method to conveniently distinguish changes in BC from those of native SOC
across a range of biochar types. This may have important applications to the certification of
negative emissions for the purpose of C offset assignment and imbursement and mitigation
pledge validation. Furthermore, having the ability to simultaneously measure changes in
BC and SOC allows for the employment of biochar amendment along with other soil C
enhancement methods while avoiding the risk of double counting.
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