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Phytotoxicity and hormesis in common 
mobile organic compounds in leachates 
of wood-derived biochars
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Abstract 

Although addition of pyrolyzed organic materials (biochars) to soil generally results in increased growth and physio-
logical performance of plants, neutral and negative responses have also commonly been detected. Toxicity of organic 
compounds generated during pyrolysis, sorbed by biochars, and then released into the soil solution, has been 
implicated as a possible mechanism for such negative effects. Conversely, water-soluble biochar constituents have 
also been suggested to have “hormetic” effects (positive effects on plants at low concentrations); however, no specific 
compounds responsible have been identified. We investigated the relative phytotoxicity—and possible hormetic 
effects—of 14 organic compounds common in aqueous extracts of freshly produced lignocellulosic biochars, using 
seed germination bioassays. Of the compounds examined, volatile fatty acids (VFAs: acetic, propionic, butyric, valeric, 
caproic, and 2-ethylbutyric acids) and phenol, showed acute phytotoxicity, with germination-based ED50 values 
of 1–30 mmol  L−1, and 2-ethylbutyric acid showed ED50 values of 0.1–1.0 mmol  L−1. Other compounds (benzene, 
benzoic acid, butanone, methyl salicylate, toluene, and 2,4-di-tert-butylphenol) showed toxic effects only at high con-
centrations close to solubility limits. Although phytotoxic at high concentrations, valeric and caproic acid also showed 
detectable hormetic effects on seedlings, increasing radicle extension by 5–15% at concentrations of ~ 0.01–0.1 mmol 
 L−1. These data support the hypothesis that VFAs are the main agents responsible for phytotoxic effects of lignocel-
lulosic biochar leachates, but that certain VFAs also have hormetic effects at low concentrations and may contribute 
to positive effects of biochar leachates on early plant development in some cases.

Highlights 

• 151 compounds were identified in leachates from 13 biochars.
• Among common compounds, volatile fatty acids (VFAs) and phenol showed the most pronounced phytotoxic 

effects.
• Some VFAs also had hormetic effects, enhancing radicle extension growth at low concentrations.
• Effects were consistent among test plant species but the smallest-seeded species showed the highest sensitivity.
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Graphical Abstract

1 Introduction
Although scientific study of the use of pyrogenic carbon 
or charcoal as a soil amendment extends back to the 1800s 
(Wilson 2014; Thomas and Gale 2015), modern work on 
the subject commenced only recently, coincident with the 
coining of the term “biochar” as pyrolyzed organic matter 
intended specifically for this use (Lehmann et  al. 2006). 
The promise of biochar as a beneficial soil amendment 
has been supported by recent meta-analyses: growth and 
yield responses in agronomic systems generally aver-
age ~ 10–30% (Biederman and Harpole 2013; Liu et  al. 
2013; Jeffery et  al. 2017; Dai et  al. 2020; Ye et  al. 2020; 
Joseph et  al. 2021), and an average response of 41% in 
growth has been found in trees (Thomas and Gale 2015). 
However, these average responses belie considerable 
variability. Biochars vary greatly in chemical and physical 
properties depending on feedstock and pyrolysis condi-
tions (Kloss et al. 2012; Chia et al. 2015; Gezahegn et al. 
2019), and this variability, along with differences due to 
dosage (Gale and Thomas 2019), contributes to high vari-
ation in plant responses among biochars (e.g., Rajkovich, 
et  al. 2012). There is likewise considerable variability in 
responses among different plant species treated with the 
same biochar (e.g., Pluchon et al. 2014; Gale et al. 2017).

Implementing biochar operationally demands a 
detailed understanding of the mechanisms responsible 
for responses of plants (Joseph et al. 2021). In this regard 
an important generalization is not only that plant growth 
responses to biochar are variable, but also that negative 
responses are common. Spokas et  al. (2012), in a “vote-
counting” review, concluded that roughly 20% of biochar 
trials resulted in negative plant growth responses. This 

value may overstate the occurrence of negative effects, 
since meta-analyses make clear that there is a predomi-
nant positive trend albeit with high variation (e.g., Liu 
et al. 2013; Thomas and Gale 2015). Nevertheless, there 
are well-documented cases of negative growth responses 
to biochars in individual studies (e.g., Rajkovich et  al. 
2012; Gale et al. 2016, 2017; Sarauer and Coleman 2018).

Several potential mechanisms for such negative effects 
have been hypothesized. Biochar feedstocks can contain 
potentially toxic elements that are then concentrated in 
biochars produced. For example, biochars made using 
food waste as a feedstock can have pronounced negative 
effects on plant growth due to high sodium (Rajkovich 
et  al. 2012). Likewise, high-carbon wood ash biochars 
can be high in metals such as Pb, Cd, and Cu (e.g., Bieser 
and Thomas 2019). Alternatively, the liming properties of 
biochars can act to limit plant nutrient availability, par-
ticularly on soils that are already alkaline (e.g., Sarauer 
and Coleman 2018). In addition, biochars are gener-
ally low in N, and what N is present is often covalently 
bound or otherwise not readily available (Clough et  al. 
2013). Moreover, biochars generally strongly sorb ammo-
nium ions, and can thus reduce mineralized N availability 
(Clough et al. 2013; Wang et al. 2015), resulting in nega-
tive growth responses in plant species sensitive to N limi-
tation (Gale et al. 2017).

Another mechanism that may commonly account for 
cases of negative effects of biochars on plant performance 
is the presence of organic compounds that are produced 
during pyrolysis, and then sorbed by biochars (Spokas 
et  al. 2010, 2011). Most of these organic compounds 
are “mobile”, being unbound to the graphitic skeleton of 
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biochar and either water-soluble and/or volatile (Buss 
and Mašek 2014; Buss et al. 2015). Toxic effects of aque-
ous extracts of biochar found for a variety of biochars 
have been attributed to such mobile organic compounds. 
In addition to inhibitory effects on plant germination 
(Rogovska et  al. 2012; Buss and Mašek 2014; Kołtowski 
and Oleszczuk 2015), and later growth (Gale et al. 2016), 
mobile organic compounds have been implicated in toxic 
effects of biochar leachates on soil microbes (Lehmann 
et al. 2011), and on other organisms including protozoa 
and freshwater invertebrates (e.g., Oleszczuk et al. 2013; 
Flesch et  al. 2019). Phytotoxic effects vary appreciably 
among plant species, suggesting that relative sensitivity 
to phytotoxic compounds could contribute to high inter-
specific variation in biochar effects on early plant growth 
(Gale et al. 2016).

A wide variety of mobile organic compounds have been 
detected in biochars. Spokas et al. (2011) assessed 80 bio-
chars and identified a total of 160 organic compounds, 
though with only 8 compounds common to at least half 
of the biochars tested. There are additional organic com-
pounds common in biochars that may not be detected 
using typical GC–MS methods, including volatile fatty 
acids (VFAs) that are the main constituents of wood 
vinegar (also called pyroligneous acid) produced early 
in pyrolysis. The large number of organic compounds 
produced by pyrolysis and potentially sorbed by bio-
chars complicates elucidation of the specific compounds 
and mechanisms involved. However, a smaller number 
of compounds have been detected in aqueous extracts 
of biochar, in particular VFAs, including acetic, propi-
onic, butyric, valeric, and caproic acids (Rombolà et  al. 
2015; Gale et al. 2016; Gezahegn et al. 2021, das Graças 
Souza et  al. 2023). VFAs have previously been found to 
show acute phytotoxicity at low concentrations in other 
contexts (e.g., Lynch 1977, 1978; Tiilikkala et  al. 2010; 
Himanen et  al. 2012). Rombolà et  al. (2015) noted high 
concentrations of VFAs in poultry litter biochar and sug-
gested that these contributed to inhibition of seed ger-
mination in laboratory bioassays; fast pyrolysis biochars 
also appear to characteristically have high concentrations 
of phytotoxic VFAs (Gezahegn et al. 2021).

In contrast to the generalization that VFAs are phy-
totoxic, it has also been suggested that wood vinegar 
constituents may be “hormetic”, acting to increase plant 
growth at low concentrations (Mu et al. 2003, 2004; Ago-
ncillo 2018). Distinguishing between these contradictory 
ideas, and identifying which compounds are the main 
determinants of either phytotoxic or hormetic responses, 
demands that candidate compounds be systematically 
screened, preferably using formal dose–response mod-
els. Phytotoxicity of some mobile organic compounds 
found on biochars have been evaluated (e.g., Reynolds 

1977, 1978), including studies on phytotoxicity of the 
most common VFAs (acetic, propionic, and butyric acids: 
Lynch 1977, 1978; Rao and Mikkelsen 1977; Ulbright 
et al. 1982a, b; Himanen et al. 2012). However, targeted 
work evaluating phytotoxicity of specific condensed com-
pounds present on biochar is very limited (e.g., Bargman 
et al. 2013; Gezahegn et al. 2021; Shen et al. 2022). With 
few exceptions (Himanen et al. 2012) available estimates 
of phytotoxicity (i.e., ED50 values) of relevant com-
pounds are not based on formal dose–response models. 
Explicit tests for possible hormetic effects have also not 
been conducted.

In the present study we address this research gap by 
assessing the relative phytotoxicity of a set of chemi-
cal compounds commonly detected in aqueous extracts 
of wood-feedstock biochars using bioassays of seed ger-
mination and seedling development. Prior studies have 
detected a relatively limited number of compounds 
consistently present (e,g., Spokas et  al. 2011; Gale et  al. 
2016; Gezahegn et  al. 2021, das Graças Souza et  al. 
2023), enhancing the feasibility of determining which of 
these common compounds may be responsible for tox-
icity effects. We address the following questions: (1) Of 
compounds commonly identified in aqueous biochar 
extracts, which are the most phytotoxic (as quantified by 
ED50 values for seedling germination and early develop-
ment)? (2) Is there evidence for hormetic effects of any of 
these compounds? (3) How do target plant species vary 
in terms of phytotoxic (or hormetic) responses to com-
pounds? (4) Which aspects of seedling development are 
most sensitive to these compounds?

2  Materials and methods
2.1  Biochars analyzed and leachate production
Biochars used were chosen on the basis of availability of 
detailed information on feedstocks and pyrolysis condi-
tions. Samples analyzed included eight biochars pro-
duced using a lab-scale pyrolysis system, four using a 
rotating drum pyrolysis system, and one from an indus-
trial-scale augur pyrolysis system, all with monitored 
temperature and residence times (Table  1). To produce 
leachates a homogenized 0.5-g sample from each biochar 
type was placed in 25 mL of deionized water for 24 h on a 
rotary shaking table and filtered with Whatman Grade #1 
filter paper prior to analysis, replicating methods used in 
prior studies (Gezahegn et al. 2021).

2.2  GC–MS analysis of leachable organic compounds 
in biochars

Methods for characterization of mobile organic com-
pounds present in aqueous biochar extracts replicated 
Rombolà et  al. (2015) and Gale et  al. (2016), with the 
use of direct-injection solid-phase microextraction 
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(DI-SPME) enabling the detection of VFAs. SPME–
GC–MS analyses were conducted at the Teaching and 
Research in Analytical Chemistry and Environmental 
Sciences (TRACES) Centre, University of Toronto, Scar-
borough, and the Analest facility, University of Toronto. 
DI-SPME analysis of leachates was performed by spiking 
3 mL of deionized water leachates with 2.5 mL of 1 ppm 
O-eugenol, 1.0 mL of 2 M  KH2PO4 buffer, and 2.5 mL of 
2-ethylbutyric acid as internal standards, and then plac-
ing samples into 10-mL vials. A Carboxen-PDSM fiber 
was inserted into the solution under magnetic stirring 
for 30 min at 250 °C. GC analysis utilized a DB-WAX col-
umn (dimensions: 20 m long, 0.20 µm wide, 0.1 mm i.d.) 
with the following thermal sequence: 80 °C for 4 min, fol-
lowed by 10  °C   min−1 increase to 250  °C for a total run 
time of 28 min. MS analysis was performed on a 5975C 
GC–MS instrument (Agilent Technologies, Santa Clara, 
CA, USA) with peak identification based on the NIST-
08 reference spectral library. Quantification of analyte 
concentrations was not attempted (cf. Spokas et al. 2011; 
Gale et al. 2016); concentrations of VFAs for a subset of 
biochars analyzed are reported elsewhere (Gezahegn 
et al. 2021).

2.3  Phytotoxicity assays
Phytotoxicity assays were conducted on the most com-
mon compounds found in our analyses as well as those 

found in prior analyses (in particular Spokas et al. 2011). 
Reagent-grade (≥ 99% purity) chemicals used in assays 
were obtained from commercial sources. Specific sources 
were as follows (common name followed by IUPAC 
name, supplier, and CAS number): acetic acid (Labchem 
64-19-7; Labchem Inc., Zelienople, PA, USA), propi-
onic acid (propanoic acid: Alfa Aesar 79-09-4; Thermo 
Fisher Inc., Waltham, MA, USA), butyric acid (butanoic 
acid: Sigma-Aldrich (S-A) 107-92-6; Sigma-Aldrich Inc., 
St. Louis, MO, USA), valeric acid (pentanoic acid: S-A 
109-52-4), benzoic acid (Alfa Aesar 65-85-0), phenol 
(Labchem 108-95-2), caproic acid (hexanoic acid: S-A 
142-62-1), 2-ethylbutyric acid (2-ethylbutanoic acid: S-A 
88-09-5), acetone (propan-2-one: Caledon 67-64-1; Cal-
edon Laboratory Chemicals Inc., Georgetown, ON, Can-
ada), benzene (S-A 71-43-2), toluene (methylbenzene: 
Caledon 9201-2-10), butanone or methyl ethyl ketone 
(butan-2-one: Caledon 7401-2), methyl salicylate (methyl 
2-hydroxybenzoate: S-A 119-36-8), and 2,4-di-tert-butyl-
phenol (S-A 96-76-4). Dilution series were made from a 
stock 0.1 mol  L−1 solution for each compound. Concen-
trations assessed were 0.01, 0.03, 0.1, 0.3, 1, 3, 10, 30, and 
100 mmol  L−1, with concentrations omitted if above solu-
bility. In some cases of high or low solubility, the dilution 
series was extended (a full list of concentrations used for 
each chemical is given in Supplemental Table S1). Deion-
ized water controls were also assessed for each trial.

Table 1 Biochars analyzed in GC–MS survey of mobile organic compounds

Feedstock consisted of coarse wood sawdust unless otherwise indicated. Temp. is the highest recorded treatment temperature. Additional information on biochar 
properties can be found in references cited (NA indicates not applicable).
a Acer saccharum Marshall
b Populus grandidentata Michaux
c Fagus grandifolia Ehrh
d Cocos nucifera L
e Picea glauca (Moench) Voss
f Picea mariana (Mill.) Britton, Sterns & Poggenburg
g Betula alleghaniensis Britt

Feedstock Pyrolysis system Temp. (°C) Residence time (min.) References

Sugar  maplea lab 550 1 Gezahegn et al. (2021)

Sugar  maplea lab 550 5 Gezahegn et al. (2021)

Sugar  maplea lab 500 60 Gezahegn et al. (2021)

Sugar  maplea lab 700 60 Gezahegn et al. 2021

Big-tooth  aspenb lab 550 1 Gezahegn et al. (2021)

Big-tooth  aspenb lab 550 5 Gezahegn et al. (2021)

American  beechc lab 300 60 Gezahegn et al. (2021)

American  beechc lab 600 60 Gezahegn et al. (2021)

Coconutd coir batch 350 210 Thomas et al. (2019)

Sugar  maplea batch 374 90 Sackett et al. (2015)

Black  sprucee/white  sprucef batch 328 90 Sackett et al. (2015)

Sugar  maplea batch 525 120 NA

Sugar  maplea/Yellow  birchg augur 600 30 Gale et al. (2016)
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Experimental replicates consisted of 90-mm-diameter 
Petri dishes containing Whatman grade #1 filter paper, 
with 5 mL of a given treatment solution (as listed in Sup-
plementary Table 1) added to each replicate. In the first set 
of experiments three target plant species were assessed: 
lettuce (Lactuca sativa L.), radish (Raphinus raphanistrum 
L.), and annual ryegrass (Lolium multiflorum Lam.) for 
12 of the compounds listed above. Twenty-five seeds of a 
given species were added to each replicate, with 3 replicates 
per species per treatment. After 7 days, each replicate was 
assessed for germination rate (seeds were scored as ger-
minated if  the radicle was fully emerged from seed coat), 
cotyledon formation (scored as formed if at least one coty-
ledon was fully formed), and radicle length (measured from 
root tip to seed coat to the nearest 1 mm for a randomly 
determined set of 3 seeds per replicate Petri dish). In the 
case of radish, radicle length was measured after 3 days due 
to rapid growth. Germination rate and cotyledon forma-
tion were expressed as proportions, and the mean radicle 
length per replicate Petri dish calculated prior to analysis. 
The experiment was conducted in sequential batches in 
a controlled environment: the average temperature was 
23 °C with 7W incandescent supplemental lights providing 
a 12-h photoperiod. Petri dish lids served to maintain high 
humidity.

The first set of experiments indicated possible hormetic 
effects of a subset of VFAs on radicle extension growth 
of the smaller-seeded test species. To enhance statisti-
cal power to detect effects, we conducted a second set of 
experiments focused on VFAs and using a higher number 
of replicates (10 replicate deionized water controls and 5 
of each treatment) and smaller number of seeds per Petri 
dish (10) to ensure that all radicles could be measured 
with no possible seedling selection bias. The second set of 
experiments also included two additional VFAs commonly 
detected on biochars (caproic acid and 2-ethylbutyric 
acid) and substituted a smaller-seeded test species (basil: 
Ocimum basilicum L.) for radish. Average seed masses 
(fresh weight) for each species were determined using a 
semi-microbalance.

2.4  Statistical analysis
Dose–response models (Ritz 2010) were used to assess 
responses of seed germination and early plant development 
to treatments. For each response variable (percent germi-
nation, percent cotyledon formation, and radicle length) we 
compared a set of alternative dose–response models based 
on minimum AIC (Akaike Information Criterion) values. 
The models compared included 3- and 4-parameter logistic 
and log-logistic functions, defined as follows:

(1)f (x; b, c, d, e) = c + (d−c)/(1+ exp(b(x)−e))

where f(x) is the response variable, and x is dosage. The 
parameter b reflects the steepness of the dose–response 
function, c is the lower asymptote at high concentrations, 
d is the upper asymptote value at low concentrations, and 
e is the dose corresponding to the ED50 value (the point 
at which 50% of the response is detected). In both cases 
the 3-parameter model sets c = 0. We examined relation-
ships between ED50 values among the different response 
variables examined (percent germination, percent cotyle-
don formation among germinated seedlings, and radicle 
length), using linear regression on log-transformed ED50 
values.

The model of Cedergreen et  al. (2005) was initially 
used to test dose–response curves for an initial increase 
in plant performance with concentration (i.e., hormesis). 
The function used was:

where f describes the magnitude of the hormetic effect, 
and α is a constant describing the rate of increase of the 
hormetic peak with dosage; in this case the interpreta-
tion of other constants differs from Eqs. (1) and (2) (see 
Cedergreen et  al. 2005 for details). A test of the null 
hypothesis f = 0 was treated as a test for hormetic effects 
(Cedergren et al., 2005). Parameter estimates for Eq.  (2) 
were used to initialize non-linear curve-fitting for Eq. (3), 
and an α constant of 0.5 was assumed. Analyses were 
conducted in the statistical programming environment R 
(R Core Team 2023), using the “drc” package to estimate 
dose–response functions (Ritz and Streibig 2005). 

The Cedergreen et  al. (2005) hormesis test may have 
low statistical power as it depends on the fit of the overall 
function as well as the existence of a peak at intermedi-
ate concentrations. We therefore conducted a second 
set of tests for hormesis using post-hoc comparisons to 
the control based on the Dunnett test (Jaki and Hothorn 
2013). This test was used only for radicle length effects 
and excluded replicates with no seed germination. 
ANOVA significance was checked prior to post-hoc anal-
ysis, as were assumptions of normality and equal vari-
ance of residuals (evaluated graphically using diagnostic 
plots). In addition, to provide a global test for hormesis 
of VFAs pooling all species and trials, we conducted a 
random-effects meta-analysis, which was called for since 
the effect size was expected to vary among species and 
potentially among trials (Borenstein et  al. 2010). This 
analysis focused on comparisons between deionized 
water controls and the lowest concentrations of VFAs 

(2)
f (x; b, c, d, e) = c + (d−c)/(1+ exp(b(ln(x)−ln(e))))

(3)
f (x; b, c, d, e, f , a) = c + (d−c + f exp(−1/xa)

/(1+ exp(b(ln(x)−ln(e))))
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assessed (0.01 and 0.03 mmol  L−1). We used the response 
ratio statistic (R = ln(Xt/Xc) as the effect size statistic, 
where  Xt is the treatment mean and  Xc is the control 
mean; pooled R values were weighted by the inverse of 
sampling variance. Statistical tests for effects were based 
on a normal approximation and the Q-test for heteroge-
neity, as implemented in the R package “metafor” (Viech-
tbauer 2010). R values were used to compute the percent 
change as 100 × (exp(R) − 1).

3  Results
3.1  GC–MS analysis of aqueous extracts and volatiles 

from biochars
Based on comparisons to the NIST-08 library, we iden-
tified 151 organic compounds derived from the 13 bio-
chars tested (Supplemental Table  S2). Biochar leachates 
commonly contained volatile fatty acids including acetic 
(100% of leachates), valeric (100%), caproic (92%), 2-eth-
ylbutyric (86%), propionic (38%), and benzoic acids (31%) 
(Table 2). Butyric acid was not detected in leachates but 
was detected in 31% of solid-phase analyses. Other com-
pounds detected in > 50% of tested biochars included 
2,4-Di-tert-butylphenol, methyl salicylate, diethyl ace-
tic acid, and 4-hydroxy-3,5-dimethoxy benzaldehyde, 
diethyl phthalate, and p-pentylacetophenone. Com-
monly detected compounds identified that are consist-
ent with prior publications include benzaldehyde and 
2-hexene (Spokas et al. 2011), pyridine (Yuan et al. 2017), 
and 2,4-di-tert-butylphenol (Gale et  al. 2016). The only 
detected polycyclic aromatic hydrocarbon (PAH) of tox-
icity concern (included on either the EPA 16-compound 
list or an extended 40-compound list: Andersson and 
Achten 2015) was fluorene, which was detected in 36% 
of the biochars sampled. We did not detect some of the 

common compounds found in prior surveys (Spokas 
et al. 2011, 2012); however, those found in 60% or more of 
samples from these prior studies (i.e., acetone, benzene, 
toluene, and methyl ethyl ketone) were also included in 
the phytotoxicity assays.

3.2  Phytotoxicity assays
In the case of VFAs with high solubility (acetic acid, 
propionic acid, butyric acid, and valeric acid), as well as 
phenol (also an important wood vinegar constituent) 
the dilution series of chemicals showed clear phyto-
toxic effects on germination rates, with no germination 
at the highest concentrations examined, and a distinct 
threshold dose consistent with fitted dose–response 
relationships (Fig.  1a–d, f ). In contrast, for most non-
VFA compounds tested (benzene, toluene, methyl ethyl 
ketone, methyl salicylate, benzoic acid, and 2,4-di-tert-
butylphenol) little or no germination response was 
observed even in near-saturated solutions (Fig. 1e, h–l). 
ED50 values for germination ranged from 1.5–16.7 mmol 
 L−1 for VFAs (acetic acid, propionic acid, butyric acid, 
and valeric acid), and 0.6–5.8  mmol  L−1 for phenol 
(Table 3). In contrast, germination-based ED50 values for 
other compounds, where estimable, were 10–1000-fold 
higher, ranging from ~ 10–6000 mmol  L−1 (Table 3).

Dose–response patterns for radicle extension growth 
and cotyledon formation also showed clear dose–
response thresholds for VFAs and phenol (Figs.  3–4, 
Table 3). In addition, benzoic acid and 2,4-di-tert-butyl-
phenol did have detectable negative effects on seedling 
development in some cases, based on linear regressions 
of seedling performance versus log-transformed con-
centrations. Significant negative effects of benzoic acid 
on radicle extension were found for radish (r = − 0.565; 
p = 0.002) and ryegrass (r = − 0.590; p = 0.001), but not 
lettuce (r = − 0.165; p = 0.411); no effects on cotyledon 
development were observed (p > 0.05). Negative effects 
of 2,4-di-tert-butylphenol on radicle extension were 
found for lettuce (r = − 0.454; p = 0.017) and ryegrass 
(r = − 0.558; p = 0.003), but not radish (r = 0.056; 
p = 0.780); a negative effect of 2,4-di-tert-butylphe-
nol on cotyledon development was also observed for 
ryegrass (r = − 0.425; p = 0.027), but not the other spe-
cies (p > 0.05). ED50 values were not estimable in any of 
these cases as the declines in seedling development were 
roughly linear with respect to log-transformed concen-
tration values, and effects were less than a 50% reduction 
(Figs. 3, 4).

Estimated ED50 values for radicle extension growth 
 (ED50rad) and cotyledon formation  (ED50cot) were 
closely correlated with those for germination  (ED50germ) 
(Fig.  4). ED50 values spanned 5 orders of magnitude; 
therefore, values were log-transformed prior to analysis. 

Table 2 Mobile organic compounds detected in at least 50% of 
the biochars tested in aqueous extracts or solid phase by direct 
injection GC–MS analysis (IUPAC names followed by common 
names were applicable)

A full list of identified compounds is given in supplemental Table 1. Compounds 
detected in aqueous biochar leachates are marked “*”

Compound Frequency

*Acetic acid 13/13

*Valeric acid (Pentanoic acid) 13/13

*2,4-Di-tert-butylphenol 13/13

*Methyl salicylate (Oil of wintergreen) 12/13

*Caproic acid (Hexanoic acid) 12/13

*2-Ethylbutyric acid 11/13

Benzaldehyde, 4-hydroxy-3,5-dimethoxy- 10/13

Diethyl phthalate 6/13

*p-Pentylacetophenone 6/13
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Correlations for log-transformed values were 0.959 for 
 ED50germ vs.  ED50rad, 0.951 for  ED50germ vs.  ED50cot, and 
0.973 for  ED50cot vs.  ED50rad (all significant at p < 0.001). 
 ED50rad values were consistently lower than  ED50germ 
values (p < 0.001; paired t-test of log-transformed values), 
or  ED50cot, (p < 0.001);  ED50germ were also somewhat 
lower than  ED50cot (p = 0.013).

The relative sensitivity of species to chemical exposure 
was generally consistent for all chemicals and all meas-
ures of seedling development, with lettuce the most sen-
sitive, followed by ryegrass and then radish (considering 
data from experiment 1). ED50 values followed this order 
in 6 of 7 cases for germination, and 3 of 7 cases each for 
cotyledon development and germination; in all cases let-
tuce showed a lower ED50 value than radish (Table  3). 
To test statistically for this pattern, we conducted ANO-
VAs of log-transformed ED50 values from experiment 1 
with chemical and species as independent variables (with 
no interaction term). The main effect term for chemical 
was highly significant in all cases (p < 0.001); the term for 

species was likewise significant (p < 0.001 for germination 
and cotyledon formation; p = 0.023 for radicle extension).

3.3  Tests for hormetic effects
Hormetic effects correspond to a peak value in plant 
developmental response at some intermediate concentra-
tion: i.e., show a unimodal response pattern (Cedergreen 
et al. 2005). For both germination and cotyledon forma-
tion, the constant f in the Cedergreen et al. model (Eq. 3) 
was not significant in any of the modeled dose–response 
functions examined and the Cedergreen et al. model also 
showed higher AIC values than monotonic models. In 
contrast to results for germination and cotyledon for-
mation, radicle length growth did exhibit apparent peak 
values above controls in several cases, in particular for 
valeric acid and acetic acid in the case of ryegrass (Fig. 3). 
Nevertheless, the constant f in the Cedergreen et  al. 
model was only marginally significant in these cases.

Given these ambiguous results, experiment 2 was con-
ducted to increase statistical power to detect possible 

Fig. 1 Percent germination in seeds of three agricultural species as a function of concentrations of 12 mobile organic compounds identified 
in biochar leachates. Symbols represent the mean of 3 replicates: open (black) circles with solid line are lettuce; open (blue) squares with dotted line 
are ryegrass, and closed (red) circles with dashed line are radish. Fitted curves are for the logistic model (Eq. 1) with the upper asymptote parameter 
(c) fixed to zero
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hormetic effects of VFAs on radicle extension, and to 
include additional VFAs common in biochar leachates 
(caproic acid and 2-ethylbutryic acid). Consistent with 
observations in experiment 1, there was evidence for 
hormesis in valeric acid and acetic acid, with a significant 
positive effect on lettuce at 0.01  mmol  L−1 for valeric 
acid, and on ryegrass at 0.1 mmol  L−1 for acetic acid com-
pared to controls (Fig. 5a, e). In addition, 2-ethylbutyric 
acid resulted in a significant increase in radicle growth in 
lettuce at 0.03 mmol  L−1 (Fig. 5d). Neither propionic nor 

butyric acid showed any evidence for hormetic effects 
(Fig.  5b, c); however, results for caproic acid suggest a 
slight increase in radicle extension at 0.01–0.03 mmol  L−1 
concentrations in all three test species (Fig.  5f ), though 
this pattern was not judged significant.

A combined analysis (i.e., pooling experimental tri-
als and species) for effects of low concentrations (0.01–
0.03  mmol  L−1) of VFAs on radicle extension growth 
was conducted using a random-effects meta-analysis 
(Borenstein et  al. 2010) for experiment 2 data (Fig.  6). 

Table 3 Estimated ED50 values (± 95% C.I.) for germination, radicle extension, and cotyledon formation for major biochar aqueous 
extract constituents in four target plant species (combining results from experiments 1 and 2)

All values listed are based on a log-logistic dose–response model as shown in Figs. 2, 3, 4, with exceptions (*) based on the logistic dose–response model where this 
showed a lower AIC value. Cases in which ED50 values were not estimable are marked “NA” and compounds tested that did not show significant ED50 values in any 
test species are excluded

Chemical Species Germination
ED50 (mmol  L−1)

P Radicle extension
ED50 (mmol  L−1)

P Cotyledon formation
ED50 (mmol  L−1)

P

Acetic acid Lettuce 1.52  ± 0.18 < 0.001 1.00  ± 0.00 < 0.001 1.33  ± 2.01 0.516

Ryegrass 7.16  ± 0.85 < 0.001 3.36  ± 0.56 < 0.001 3.29  ± 4.12 0.004

Radish 16.72  ± 0.49 < 0.001 3.08  ± 0.36 < 0.001 3.82  ± 24.71 0.879

Basil 3.73  ± 0.99 < 0.001 1.76  ± 0.26 < 0.001 1.86  ± 0.48 < 0.001

Propionic acid Lettuce 3.87  ± 0.09* < 0.001 0.91  ± 0.10 < 0.001 1.35  ± 0.15 < 0.001

Ryegrass 3.50  ± 0.19* < 0.001 1.57  ± 0.25 < 0.001 4.79  ± 5.19 0.365

Radish 10.76  ± 4.26 0.019 7.02  ± 4.45 0.127 4.45  ± 3.55 0.222

Basil 2.58  ± 0.44 < 0.001 0.58  ± 0.06 < 0.001 1.19  ± 0.17 < 0.001

Butyric acid Lettuce 2.44  ± 0.35 < 0.001 0.87  ± 0.32 0.013 1.23  ± 1.11 0.278

Ryegrass 3.38  ± 1.45 0.029 1.24  ± 0.19 < 0.001 3.73  ± 2.09 0.088

Radish 9.79  ± 0.31 < 0.001 2.42  ± 0.58 < 0.001 8.20  ± 2.47 0.003

Basil 7.16  ± 3.03* 0.022 0.81  ± 0.10 < 0.001 1.77  ± 0.67 0.010

Valeric acid Lettuce 1.59  ± 0.08* < 0.001 0.93  ± 0.16 < 0.001 1.18  ± 3.09 0.703

Ryegrass 1.85  ± 0.08 < 0.001 0.97  ± 0.08 < 0.001 3.36  ± 2.32 0.154

Radish 8.42  ± 0.93 < 0.001 2.75  ± 0.75 0.001 6.64  ± 0.78 < 0.001

Basil 2.07  ± 0.51* < 0.001 0.52  ± 0.04 < 0.001 1.06  ± 0.29 < 0.001

Caproic acid Lettuce 1.46  ± 0.53 0.008 0.33  ± 0.04 < 0.001 1.02  ± 0.12 < 0.001

Ryegrass 2.86  ± 0.32 < 0.001 1.39  ± 0.15 < 0.001 2.44  ± 1.68 0.152

Basil 4.00  ± 1.04 < 0.001 0.66  ± 0.07 < 0.001 1.84  ± 0.36 < 0.001

2-ethylbutyric acid Lettuce 0.741  ± 1.161 < 0.001 0.203  ± 0.039 < 0.001 0.658  ± 0.170 < 0.001

Ryegrass 1.084  ± 0.292 < 0.001 0.114  ± 0.013 < 0.001 0.887  ± 0.247 < 0.001

Radish 0.708  ± 0.120* < 0.001 0.085  ± 0.008 < 0.001 0.371  ± 0.090 < 0.001

Acetone Lettuce 2,365  ± 513 < 0.001 269  ± 123 0.035 513  ± 189 0.010

Ryegrass 2,597  ± 140 < 0.001 2,449  ± 437 < 0.001 4,902  ± 197 < 0.001

Radish 4,632  ± 3,890 0.242 2,399  ± 854 0.008 5,606  ± 98 < 0.001

Phenol Lettuce 0.62  ± 0.05 < 0.001 0.44  ± 0.32 0.191 2.12  ± 3.66 0.878

Ryegrass 3.14  ± 0.19 < 0.001 2.14  ± 0.27 < 0.001 3.83  ± 1.33 0.008

Radish 5.80  ± 0.68 < 0.001 1.25  ± 0.32 0.001 2.13  ± 0.15 < 0.001

Benzene Lettuce 9.74  ± 1.03  < 0.001 NA NA NA 9.67  ± 1.80 0.010

Ryegrass NA NA NA NA NA NA NA NA NA

Radish NA NA NA NA NA NA NA NA NA

Methyl ethyl ketone Lettuce 42.0  ± 11.7 < 0.001 77.8  ± 30.9 0.018 39.3  ± 10.1 < 0.001

Ryegrass NA NA NA 185.4  ± 88.1 0.045 NA NA NA

Radish 137.0  ± 57.8 0.025 57.8  ± 62. 7 0.037 NA NA NA
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The overall test for heterogeneity of effects among com-
pounds was significant (Q17 = 50.65; p < 0.001). Signifi-
cant positive effects were detected in the case of valeric 
acid (z = 4.979; p < 0.001) and caproic acid (z = 2.725; 
p = 0.006), but not other compounds (Fig. 6).

4  Discussion
The present study builds on extensive evidence that bio-
chars commonly sorb organic compounds, some of which 
can have phytotoxic effects. Among the most common 
compounds detected in aqueous biochar extracts, it is 
clear that volatile fatty acids (VFAs) are among the most 
common chemicals present, and also have low thresh-
olds for acute toxic effects on seed germination and early 
seedling development. This is consistent with prior sug-
gestions that VFAs are the most common mobile organic 
compounds in biochars that elicit acute phytotoxicity 
(Rombolà et  al. 2015; Gale et  al. 2016; Gezahegn et  al. 
2021). However, our analyses also indicate that certain 
VFAs present in biochars elicit hormetic effects, inducing 
small to moderate increases in radicle extension growth 
at low concentrations. Such effects might offset phyto-
toxicity and could potentially account for positive effects 
of biochar leachates on early seedling development that 
have been reported in some prior studies.

4.1  Phytotoxicity
Higher plants are only infrequently used in standard 
toxicity testing (Wang 1991); for example, higher plants 
make up only ~ 2.6% of the records for toxicological test-
ing of organic chemicals in the EPA Ecotox database 
(Olker et al. 2022; searched Nov. 2023). Thus, while some 
of the chemicals examined here are common in indus-
trial and other settings, quantitative evaluations of higher 
plant toxicities are mostly lacking. Prior assessments of 
phytotoxicity for some VFAs are available, particularly 
in the context of wet rice cultivation (Lynch 1977, 1978, 
1980). While formal assessments of effective dosages 
(Ritz 2010) appear not to have previously been published, 
graphical results suggest an ED50 value of ~ 10 mmol  L−1 
for acetic acid and ~ 3  mmol  L−1 for butyric acid based 
on root extension of Hordeum vulgare (Lynch 1980, his 
Fig.  1). In the present study we detected ED50 values 
ranging from 1–15  mmol  L−1 for acetic, propionic, and 
butyric acids, corresponding closely to these published 
data. Other wood vinegar constituents, including valeric 
acid, caproic acid, and phenol similarly showed toxic-
ity thresholds in this approximate range (Figs.  2, 3, 4; 
Table 2). The reported ED50 values for VFAs were simi-
lar to those from a prior unpublished study that used 
Lepidium sativum and Lolium multiflorum as test species 
(Prochazka 2008).

The branched VFA 2-ethylbutyic acid stands out as 
the most phytotoxic of the VFAs and other compounds 
tested, with ED50 values as low as ~ 0.1–0.2  mmol  L−1 
for radicle extension (Fig. 4, Table 2). Toxic effects of this 
compound do not appear to have previously received 
attention; there is no record in the EPA Ecotox database 
(Olker et al. 2022; searched Nov. 2023) or in cited litera-
ture. 2-ethylbutyic acid was among the most common 
compounds detected in biochars (Table  2),  as has been 
noted in prior studies (Rombolà et al. 2015).

Aside from VFAs, other biochar leachate constituents 
tested generally had much higher ED50 values, or only 
small effects on seedling development even at concen-
trations approaching saturation. ED50 values for acetone 
were in the range of 300–6900  mmol  L−1, or roughly 3 
orders of magnitude higher than those for VFAs. Benzoic 
acid, toluene, and 2,4-di-tert-butylphenol had no detect-
able effects on germination or cotyledon development 
even at concentrations approaching saturation (Figs.  2, 
3). Several other compounds (benzene, methyl ethyl 
ketone, methyl salicylate) had detectable negative effects, 
but only at concentrations near saturation (Figs.  2, 3). 
Benzoic acid has received some prior attention as an 
allelochemical; we observed detectable negative effects 
on radicle extension (but not cotyledon development) 
in radish and ryegrass, consistent with prior studies (Yu 
and Matsui 1994; Kaur and Kaushik 2005; Fernández-
Aparicio et al. 2013). Other non-VFA compounds tested 
(benzene, toluene, 2,4-di-tert-butylphenol, methyl ethyl 
ketone, methyl salicylate) exhibited either no effect or 
detectable but relatively small negative effects on radicle 
extension in one or more test species, but did not gener-
ally result in declines approaching 50%, and thus did not 
have estimable ED50 values.

The three test plant species in experiment 1 showed 
highly consistent patterns of response to tested chemi-
cals, with lettuce generally the most sensitive, rad-
ish the least, and ryegrass intermediate (Figs.  2, 3, 4; 
Table  3). This ranking corresponds closely to seed 
size: ~ 1.3 mg, ~ 4.1 mg, and ~ 91 mg per seed for lettuce, 
ryegrass, and radish, respectively. It has generally been 
observed that smaller-seeded species are most sensitive 
to toxic effects on the seed germination processes (Lieb-
man and Sundberg 2006). In addition, there were consist-
ent patterns of response among seedling development 
metrics, with radicle extension generally showing lower 
ED50 values than germination or cotyledon development 
(Fig. 4). The consistency of these patterns suggests that an 
effective but low-cost bioassay to quantitatively estimate 
concentrations of phytotoxic constituents in biochar 
could be developed based on effects on radicle extension 
on a series of seeds varying in size. This strategy would be 
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similar to protocols developed for allelochemicals (e.g., 
Macías et  al. 2000). The most widely used bioassay for 
biochar phytotoxicity is based on germination responses 
and only measures the proportion germinated in rela-
tively large-seeded species such as soybean and wheat 
(Van Zwieten et al. 2010; IBI 2015).

Prior studies on potential toxicity effects of biochar 
have commonly focused on polycyclic aromatic hydro-
carbons (PAHs) and to some extent chlorinated dioxins 
and furans (as reviewed by Hale et  al. 2012; Godlewska 
et  al. 2021). This set of compounds is of particular 
concern in terms of effects on vertebrates (including 
humans), and so is the focus of biochar toxicity test-
ing for regulatory purposes and certification (IBI 2015). 
However, it is less clear if these compounds play an 
important role in phytotoxic responses to biochar or bio-
char leachates. Of the 151 organic compounds identified 
in biochar leachates and volatiles, we detected only one 
on the US EPA list of 16 PAHs of toxicity concern (flu-
orene), which was present in about 1/3 of tested biochars. 
However, there is some evidence that fluorene is more 

phytotoxic than other PAHs (Somtrakoon and Chouychai 
2013). Our data thus agree with conclusions that PAHs 
contribute to phytotoxicity in some biochars (Godlewska 
et  al. 2021; Shen et  al. 2022). Nevertheless, the wide 
prevalence, high solubility, and low toxicity thresholds 
of common VFAs suggest that these compounds are the 
main phytotoxic agents of concern in wood-feedstock 
biochars.

4.2  Hormesis
The common VFAs detected in biochars correspond to 
the aqueous fraction products of pyrolysis commonly 
referred to as wood vinegar. Wood vinegar has been 
proposed to have hormetic effects on plants, promoting 
early seedling development (and potentially later plant 
growth) at low concentrations, while inhibiting growth 
at high concentrations (Mu et  al. 2003, 2004; Agoncillo 
2018). However, the most widely cited study (Mu et  al. 
2003) does not present statistical analysis of the key 
results on radicle extension effects, and graphically shows 
neutral (means ± 2 × SE overlapping control) or negative 

Fig. 2 Percent of germinated seeds forming cotyledons in seeds of three agricultural species as a function of concentrations of 12 mobile organic 
compounds identified in biochar leachates. Symbols represent the mean of 3 replicates: open (black) circles with solid line are lettuce; open 
(blue) squares with dotted line are ryegrass and closed (red) circles with dashed line are radish. Fitted curves are for the logistic model (Eq. 1) 
with the upper asymptote parameter (c) fixed to zero
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Fig. 3 Radicle extension growth in seeds of three agricultural species as a function of concentrations of 12 mobile organic compounds identified 
in biochar leachates. Symbols represent the mean of 3 replicates: open (black) circles with solid line are lettuce; open (blue) squares with dotted line 
are ryegrass and closed (red) circles with dashed line are radish. Fitted curves are for the logistic model (Eq. 1) with the upper asymptote parameter 
(c) fixed to zero

Fig. 4 ED50 values for a radicle extension and b cotyledon formation as a function of ED50 for germination (combining data from experiments 1 
and 2 as shown in Table 2). Colors correspond to chemical compounds tested: grey is phenol; orange is methyl ethyl ketone; brown is phenol; dark 
blue is 2-ethylbutyric acid; other colors are straight-chain VFAs. The dashed line shows a 1:1 relationship
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responses. The literature on VFAs has long emphasized 
phytotoxicity of these compounds (e.g., Prill et al. 1949; 
Rao and Mikkelsen 1977, Ulbright et al. 1982a, b). How-
ever, our data from experiment 2 provide clear support 
for hormetic effects of VFAs on seedling radicle exten-
sion, specifically for valeric acid and caproic acid, with 
possible species-specific hormetic effects for acetic and 
2-ethylbutyric acids (Figs. 5,6).

We are not aware of any prior publications presenting 
strong evidence for hormetic effects of VFAs; however, an 
unpublished thesis interprets graphical results as possibly 
showing such effects (Prochazka 2008). Our results raise 
new questions regarding potential mechanisms for these 
effects and their implications for biochar processing and 
valorization of biochar leachates and of wood vinegar. 
While the evidence for hormetic effects of valeric and 

Fig. 5 Radicle extension growth of three species (lettuce, ryegrass, and basil) as a function of concentrations of 6 VFAs identified in aqueous biochar 
leachates. Symbols represent the mean of 5 replicates (10 in the case of deionized water controls): open (black) circles with solid line are lettuce; 
closed (red) squares with dashed line are lettuce and closed (green) circles with dotted line are basil. Treatments showing a significant increase 
relative to deionized water controls (based on a Dunnett post-hoc test) are marked as: (*) 0.1 < p < 0.05; *p < 0.05; **p < 0.01; ***p < 0.001
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caproic acids is statistically strong (Fig.  6), these effects 
are quantitatively small (~ 5–15% increases in radicle 
extension). As a component of a complex mixture of 
compounds present in biochar leachates, this small stim-
ulatory effect would likely be offset by negative effects of 
other compounds in most cases. In terms of mechanism, 
it has been noted that VFAs with longer aliphatic carbon 
chains are more lipophilic in nature, and thus more read-
ily taken up through membranes, including root tips (e.g., 
Marambe et al. 1993). It is possible that within plant cells 
VFAs could be directly metabolized, resulting in a small 
increase in energy and metabolites necessary for growth.

In addition to valeric and caproic acid, it is likely that 
some other biochar leachate constituents present at low 
concentrations, such as karrikins (Kochanek et al. 2016), 
also have stimulatory effects on early plant development 
in certain plant species; there may also be synergis-
tic effects of constituents. Our data and related studies 
(Rombolà et  al. 2015; Gale et  al. 2016; Gezahegn et  al. 
2021, das Graças Souza et  al. 2023) indicate that VFAs 
and other wood vinegar constituents are an important 
component of leachates from un-weathered biochars; 
however, biochar leachates are not simply wood vinegar. 
Biochar leachates also contain inorganic nutrient ions 
and metals concentrated during pyrolysis (Gezahegn 
et al. 2019, 2021). Additional studies focused on chemical 
characterization of biochar leachates in relation to pyrol-
ysis conditions, particle size, and feedstock are important 
in developing generally applicable protocols to produce 
“clean” biochars free from common phytotoxic com-
pounds. A recent meta-analysis indicates that post-pro-
duction heating and aeration treatments of biochar result 

in more positive effects on plant growth than leaching or 
washing treatments (Thomas 2021).

4.3  Implications
If VFAs are the main phytotoxic component in bio-
chars, post-production treatments could profitably 
focus on reducing these specific compounds. Washing 
or leaching of biochars can alleviate phytotoxic effects 
(Gale et  al. 2016) but will also reduce readily leached 
mineral nutrients in biochars, such as potassium 
(Rogovska et al. 2012). Given the co-production of bio-
char and wood vinegar in many pyrolysis systems, addi-
tion of wood vinegar to biochar is an obvious measure 
to reduce the pH of highly basic biochars, with some 
history of use in Asia (e.g., Uddin et  al. 1995; Kadota 
and Niimi 2004; Daosukho et al. 2012). Our results sug-
gest that this strategy incurs a serious risk of phytotoxic 
effects on sensitive crops.

In conclusion, our results support the conclusion that 
VFAs produced during pyrolysis and sorbed by bio-
chars are the most common compounds that contribute 
to cases of negative effects on early plant performance. 
The branched VFA 2-ethylbutyric acid is notably the 
most phytotoxic of all common compounds detected. 
Some of the VFAs (in particular valeric and caproic 
acids) also can produce moderate “hormetic” increases 
in seedling development at low concentrations (0.01–
0.03  mmol  L−1). The results suggest that preparation, 
post-processing, and application strategies for biochars 
should be conducted in a manner to produce VFA con-
centrations in the soil solution that fall below toxicity 
thresholds in the range of 0.2–20 mmol  L−1.
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