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Abstract

Wood vinegar is a naturally acidic liquid produced during the pyrolysis of agricultural
and forestry residues, which contains a complex mixture of bioactive components, includ-
ing organic acids, phenolics, ketones and so on. As a multifunctional biomass-derived
product with considerable potential, wood vinegar has attracted widespread attention in
agroforestry and environmental research. This review summarizes recent research progress
on the roles of wood vinegar in plant disease resistance, plant growth promotion, and soil
improvement. The inhibitory effects of wood vinegar against various plant pathogens
and the potential mechanisms involved are discussed, as well as two major pathways
through which wood vinegar promotes plant growth. In addition, the roles of wood vine-
gar in improving soil fertility are examined, particularly through regulating soil salinity
and enhancing soil chemical and biological properties. Recent advances in its practical
applications across different agricultural fields are also summarized, and safety considera-
tions associated with its use are analyzed. Despite these advances, current studies remain
largely focused on phenomenological observations, with limited investigation in forestry
applications. Furthermore, the molecular mechanisms underlying the biological activities
of wood vinegar and the long-term ecological risks associated with repeated applications
remain insufficiently understood. This review provides perspectives on further exploration
of the mechanisms of action of wood vinegar and the potential risks associated with its
long-term application, with the aim of providing a scientific reference for the safe and
efficient utilization of wood vinegar in sustainable agriculture and ecological restoration.

Keywords: wood vinegar; disease control; antimicrobial activity; growth promotion; field
application; environmental safety
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381 million tons in 2023 [4,5]. With the increasing accumulation of agricultural and forestry
residues and the inefficiency of current management practices, these materials have become
a major global environmental concern [6]. Wood vinegar, produced from agricultural and
forestry residues as biomass feedstocks, is a natural and renewable resource that promotes
waste valorization and supports sustainable development.

Wood vinegar possesses a complex chemical composition, comprising organic acids,
ketones, phenolic compounds [7], aldehydes, alcohols, and micronutrients [8]. These con-
stituents collectively contribute to its diverse biological activities, including antimicrobial
effects, plant growth promotion, and soil improvement, thereby highlighting the potential
of wood vinegar for pest and disease management. In recent years, major agricultural pests
and diseases have shown increasing occurrence frequency and longer outbreak durations,
leading to substantial economic losses in the agriculture and forestry sectors [9]. In China,
for instance, 23 major pests and diseases affecting major crops were projected to pose a
high recurrence risk in 2025, with the affected area expected to reach 167.865 million ha,
representing a 6.2% increase compared with 2024 [10].

Although previous reviews have provided a fundamental understanding of the prepa-
ration processes, compositional characteristics, and functional properties of wood vinegar,
the integrated mechanisms underlying disease suppression, plant growth promotion, and
soil improvement remain inadequately understood. Moreover, the potential ecological risks
associated with its field-scale application have not yet been fully elucidated. To address
these research gaps, we integrated recent advances of wood vinegar in enhancing disease
resistance and promoting plant growth. In addition to evaluating its progress in practical
applications, this review provides an in-depth analysis of the environmental impacts and
safety aspects of wood vinegar.

Compared with previous reviews, this review provides a more comprehensive func-
tional perspective by integrating the roles of wood vinegar in disease resistance, plant
growth promotion, and soil improvement. It also critically evaluates current research
limitations, potential risks, and future directions for sustainable applications. Furthermore,
by integrating mechanistic insights with applied evidence, this review establishes a com-
prehensive framework to support future mechanistic investigations. Therefore, this review
not only summarizes current research progress but also provides an integrated perspective
on the multifunctional roles of wood vinegar in agricultural systems, thereby providing
a scientific basis for future mechanistic studies and the development of safer and more
efficient applications.

2. Roles and Mechanisms of Wood Vinegar in Plant Disease Resistance
and Growth Promotion

Wood vinegar derived from various biomass feedstocks exhibits both shared charac-
teristics and notable differences in physicochemical properties and chemical composition.
Moreover, these differences contribute to diverse biological activities and mechanisms of
action, thereby enabling the application of wood vinegar across a wide range of fields.
We summarized the pH, component categories, major compounds, and their relative
proportions in wood vinegar produced from ten types of raw materials based on Gas
Chromatography-Mass Spectrometry (GC-MS) analysis (Table 1). Overall, wood vinegar
exhibits weakly acidic properties, and its chemical constituents can be broadly classified
into three major categories: acids, phenols, and other compounds. Acetic acid, phenol, and
3-methyl-1,2-cyclopentanedione are commonly reported as major constituents of wood
vinegar derived from various biomass feedstocks. Among these, acetic acid, an envi-
ronmentally friendly and low-cost weak organic acid, has been shown to enhance crop
tolerance to abiotic stresses such as drought, salinity, and heavy metal toxicity, indicating

https://doi.org/10.3390/£17060637


https://doi.org/10.3390/f17060637

Forests 2026, 17, 637

30f15

its considerable potential for agricultural applications [11]. Phenolic compounds are major

contributors to the antioxidant activity of wood vinegar and play a pivotal role in plant

stress responses [12]. In addition, 3-methyl-1,2-cyclopentanedione, also identified in coffee,

has been reported to possess anti-inflammatory activity [13].

Table 1. Major Chemical Components of Wood Vinegar Derived from Different Biomass Feedstocks.

Biomass Feedstocks pH C(en;gg;;‘td Prolggi‘iit(i)‘rlle(%) Major Compounds References
Dragon’s claw elm Acids 26.43 Acetic acid, 4-Hydroxybutanoic acid
(Ulmus pumila Phenol, 2-Methoxyphenol,
‘Pendula’) and Phenols 39.33 4-Ethylphenol 14
1 European white elm 3.3 Oth 3-Methyl-1,2-cyclopentanedione, [14]
(Ulmus laevis Pall.) com 0511;1 ds <11.73 4-Hydroxy-3,5-dimethoxytoluene,
pruning waste P Cyclopropylmethanol, etc.
Acids 24.20 Acetic acid, 4-Hydroxybutanoic acid
2,6-Dimethoxyphenol, Phenol,
Phenols 41.86 4-Ethylphenol, 2-Methoxyphenol,
2 The apple tree branches 3.46 4-Ethyl-2-methoxyphenol [15]
Oth 3-Methyl-1,2-cyclopentanedione,
com Olel];’l ds 33.94 Cyclopropylmethanol,
p 4-Hydroxy-3,5-dimethoxytoluene
Pentanoic acid, Heptanoic acid,
Acids 64.84 3-methoxy-4-hydroxybenzoic acid,
acetic acid
. . Phenol, 1,2-Benzenediol
Chinese fir , 1, ol,
3 (Cunninghamia lanceolate 3.04 Phenol 30.09 4-Methylbenzene-1,2-diol, [16]
(Lamb.) Hook) waste enots 2-Methoxyphenol,
3-Methyl-1,2-benzenediol
Other 5.07 4-Hydroxy-3-methoxyphenethyl
compounds ’ alcohol
Acids 1.22 /
. 2,6-Dimethoxyphenol, 1,2-Benzenediol,
4 Freshhstem§ pfl$p iraea Unknown Phenols 42.17 4-Ethyl-2,6-dimethoxyphenol [17]
ypericifolia Other 56.61 Furfural, Methyl eugenol,
compounds : 1-Hydroxy-2-propanone, etc.
Acids 36.47 Acetic acid, Propanoic acid
Phenol, 2-Methoxyphenol,
5 Eucalyptus wood 3.09 Phenols 22.33 2-Methoxy-4-methylphenol [18]
Other 37.65 3-Methyl-1,2-cyclopentanedione,
compounds ’ 3-Methylpyridine, Furfural, etc.
Acids 0.40 /
Phenol, 2,6-Dimethoxyphenol,
Phenols 25.70 2-Methoxyphenol, 1,2-Benzenediol,
6 Bamboo Unknown 4—Meth]ylphenol, 4-Ethylphenol (191
Other Furfural, 1—Hydr0xy—2—gutanone,
73.80
compounds y-Butyrolactone, etc.
Acids 3078 Acetic acid, 2-Methylpropanoic
anhydride
2,6-Dimethoxyphenol, 1,2-Benzenediol,
2-Methoxyphenol,
Phenols 30.59
7 Walnut tree branches 3.32 2—Methoxy—4—methylpher}ol, [20]
3-Methoxy-1,2-benzenediol
Oth 3-Methyl-1,2-cyclopentanedione,
com otelrn ds 33.69 1,2,4-Trimethoxybenzene,
p 1,2,3-Trimethoxy-5-methylbenzene
Acids 8.02 Acetic acid
Phenol, 2,6-Dimethoxyphenol,
1,2-Benzenediol,
Phenols 58.42 3-Methoxy-1,2-benzenediol,
4-Methyl-1,2-benzenediol,
8 Walnut shells 3.32 2-Methoxyphenol [21]
1,2,4-Trimethoxybenzene,
1-(4-Hydroxy-3-methoxyphenyl)-2-
con?ﬂc‘)llelz ds 18.34 ropanone,
P 3-Methyl-2-hydroxy-2-cyclopenten-1-
one
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Table 1. Cont.
Biomass Feedstocks H Compound Relative Major Compounds References
p Groups Proportion (%) J p
Acids 2.67 /
Phenol, 2,6-Dimethoxyphenol,
1,2-Benzenediol,
Phenols 69.58 3-Methoxy-1,2-benzenediol,
Pi le ol 4-Methylphenol,
9 neapple plantwaste  {j1n6un 2-Methoxy-4-methylphenol [22]
biomass 1,2,4-Trimethoxybenzene,
Other 0741 1-(4-Hydroxy-3,5-dimethoxypheny]l)-
compounds . ] ethanone,
1,4:3,6-Dianhydro-«-D-glucopyranose,
etc.
Acids / /
Phenol, 2-Methoxyphenol,
Phenols 25.36 2,6-Dimethoxyphenol,
) Phenyl carbamate,
10 Oil palm Unknown 2,4,6-Trimethylpyridine, [23]
Other 74 64 2-(2' 44668 ,8-
compounds ' Heptamethyltetrasiloxan-2'-yloxy)-

2,4,4,6,6,8,8,10,10-
nonamethylcyclopentasiloxane, etc.

Relative proportion (%): calculated from the relative peak areas of identifiable compounds detected by GC-MS.

Existing studies have demonstrated that wood vinegar can inhibit pathogen growth,
reduce disease incidence, and promote plant growth. It is effective against a variety of
pathogens, including fungi and bacteria, while also enhancing plant tolerance to envi-
ronmental stresses. The following sections discuss the plant disease-suppressive and
growth-promoting effects of wood vinegar and the mechanisms underlying these activities.

2.1. Action Mechanisms of Wood Vinegar in Antimicrobial Activity
2.1.1. Antimicrobial Effects of Wood Vinegar

The complex composition of wood vinegar confers its broad-spectrum antimicrobial
activity. Wood vinegar derived from different biomass feedstocks can inhibit a variety
of pathogenic microorganisms. A single wood vinegar may suppress multiple bacterial
or fungal species, and some types can simultaneously inhibit both fungi and bacteria.
Wood vinegar derived from the pits of Cornus officinalis fruits exhibited inhibitory activity
against Escherichia coli, Shigella dysenteriae, and Staphylococcus aureus. Overall, the inhibitory
activity was more pronounced against Gram-negative bacteria than against Gram-positive
bacteria [24]. Wood vinegar derived from peach shells exhibited inhibitory activity against
seven plant pathogenic fungi, including Fusarium equiseti, F. solani, Coniothyrium populicola,
E. oxysporum, F. culmorum, F. tricinctum, and Alternaria alternata. Among them, the
strongest antifungal activity was observed against F. culmorum, with an ECsg value of
4.98 uL-mL~! [25]. A 300-fold dilution of wood vinegar derived from Cyclobalanopsis
glauca can simultaneously inhibit Pseudomonas solanacearum Smith and F. oxysporum f. sp.
lycopersici [26].

Wood vinegar not only inhibits mycelial growth and spore germination of pathogenic
fungi but also interferes with their colonization. Li et al. [27] reported that wood vinegar
significantly inhibited the mycelial growth and spore production of Botrytis cinerea, with
complete inhibition achieved at a concentration of 2% (v/v). Furthermore, the protective
efficacy of wood vinegar on detached grape leaves reached 89.69%. Rubber sheets prepared
using wood vinegar derived from rubberwood, bamboo, and eucalyptus biomass as coagu-
lants exhibited significantly reduced colonization by fungi such as Aspergillus, Penicillium,
Fusarium, Trichoderma, and Paecilomyces. These results indicate that wood vinegar from
these biomass sources possesses antifungal activity. At a 10% concentration, eucalyptus-,
rubberwood-, and bamboo-derived wood vinegar achieved inhibition rates of 97%, 91%,
and 89%, respectively, against fungal colonization on raw rubber sheets [28].
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In addition, wood vinegar has been reported to exhibit nematicidal activity. The
co-pyrolysis wood vinegar from eucalyptus and Origanum majorana at concentrations of
1.25% and 5% inhibited the egg hatching rate of gastrointestinal nematodes (GIN) by 97%
and 100%, respectively [29].

2.1.2. Antimicrobial Mechanisms of Wood Vinegar

Existing studies indicate that the antimicrobial and disease-resistance mechanisms
of wood vinegar operate at both cellular and molecular levels, including disruption of
cell integrity and induction of oxidative stress, as summarized in Figure 1. At the cellular
level, wood vinegar disrupts the structural integrity of pathogenic bacterial cells and
interferes with cellular energy metabolism. Wood vinegar has been reported to inhibit
the respiratory rate of F. culmorum, thereby disrupting the tricarboxylic acid (TCA) cycle
and cellular energy metabolism [30]. Reed wood vinegar can severely disrupt the cell
membrane of E. coli, induce morphological changes in bacterial cells, significantly reduce
adenosine triphosphate (ATP) content, inhibit normal physiological activities of E. coli, and
ultimately lead to bacterial lysis and death. These findings are consistent with molecular-
level experimental results: in E. coli treated with reed wood vinegar, the expression of
biofilm-associated genes (including motA, motB, and fIgB) at the mRNA level, as well as the
expression of genes related to ATP synthesis pathways (such as ydiM, nanC, and mdtO),
were significantly suppressed [31].
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Figure 1. Multiple mechanisms underlying the suppression of phytopathogens by wood vinegar.

At the molecular level, wood vinegar may exert its effects during pathogen—plant
interactions by regulating the expression or activity of specific genes and proteins. Walnut
shell-derived wood vinegar can alleviate oxidative damage in tobacco leaves caused
by Pseudomonas syringae pv. tabaci infection by upregulating the expression of POD2
and GPX2 genes, which are the key genes of antioxidant enzymes [32]. Protein—protein
interaction (PPI) network analysis of active components in wood vinegar derived from
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Spiraea hypericifolia leaves and targets related to superficial fungal infections suggests that
its antifungal activity may be mediated through regulation of key protein targets, including
JAK2, PARP1, and ESR1. Among these, JAK2 plays a pivotal role in im-mune signal
transduction; PARP1 is closely associated with the regulation of apoptosis; and ESR1, as a
nuclear receptor, is involved in diverse pathological processes [17].

2.2. Plant Growth Promoting Effects of Wood Vinegar and Their Underlying Mechanisms
2.2.1. Plant Growth Promoting Effects of Wood Vinegar

Wood vinegar can improve plant performance and soil conditions, thereby promoting
plant growth and increasing crop yield. The effects of wood vinegar derived from identical
biomass feedstocks on soil properties and plant development are summarized in Table 2.
In a pot experiment, the application of wood vinegar derived from peach shells at an
appropriate rate significantly increased the plant height, stem diameter, and fresh weight
of cotton seedlings [33]. Soaking seeds in poplar-derived wood vinegar at an appropriate
concentration can significantly promote seed germination and improve seedling vigor by
increasing root length and underground dry weight. In addition, seed priming with poplar
wood vinegar diluted 1000-fold can enhance the emergence rate and several agronomic
traits of oilseed rape under field conditions, leading to a 14.4% increase in final yield [34].
The application of wood vinegar diluted 100-fold can promote forage grass growth, re-
sulting in a 12.15% increase in the aboveground biomass of ryegrass [35]. Studies have
shown that the combined application of biochar and wood vinegar can enhance nutrient
uptake and accumulation in winter wheat, thereby increasing grain yield. Specifically, the
total accumulation of nitrogen (N), phosphorus (P), and potassium (K) in winter wheat
increased by 4.6%, 12.3%, and 3.2%, respectively [36].

The combined application of wood vinegar and biochar in plant-soil systems can
improve the saline-alkali soil environment within the same growing season, significantly
increase soil organic matter content, regulate soil pH and ionic balance, and effectively
alleviate salt-alkali stress in sugar beet, thereby markedly enhancing root yield and qual-
ity [37]. Combined laboratory simulations and field experiments revealed that a wood
vinegar-humic acid regulator can improve soil environmental conditions by reducing soil
salinity and alkalinity, optimizing soil structure, and enhancing microbial activity. These
improvements were closely associated with increased wheat productivity, reflected in a
significant 17.2% increase in average plant height [38].

Table 2. Effects of wood vinegar on soil properties and plant growth across different studies.

Raw Materials

pistachio wood
vinegar.

increased root and shoot
biomass, etc.

of Wood Tlrvelztrl‘?oegt Soil Type Soil Effects Plant Species Plant Effects References
Vinegar
. Increased plant height,
Combined eleI?tCrEEzaﬂs iglfgﬂcl:t)ll;l; ty Chinese leaf number, and shoot
. application of Abandoned - cabbage biomass; significantly
1 Rice husk biocha}‘ and soil og-Eggricaﬂgrgéf(()ggdC) (‘Bmss‘ica increased Vitqmin C, [39]
wood vinegar. & contents chinensis L.) soluble protein, and
’ soluble sugar contents.
Under saline-alkali
Sinele or stress, decreased
comgbine d Saline-alkali malondialdehyde
T soils, . .. . MDA) content,

Unknown }?pphcat{(c)ln ofd predominantly As a soil conditioner. Maize en}gance d) froe radical [40]
umic "’1‘:1.1. an loam scavenging capacity,
micro-stiica. increased antioxidant

enzyme activities, etc.
Soilless Increased root length
cultivation and lateral root
The tree media Cucumber formation, intensified )
pistachio combined with Not assessed seedling root development, [41]
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Table 2. Cont.
Raw Materials
of Wood Treatment Soil Type Soil Effects Plant Species Plant Effects References
Vinegar Method
Ameliorated saline-alkali Improved seedling
soil pH (stabilized at height, stem diameter,
L d Typical 9.2-9.54), increased soil and other growth
a I?Zae’;eon of saline-sodic organic matter and Phaseolus parameters vs. control,
4 Peanut shell V\})O}Z) d vinegar soda soil of the available phosphorus, oulouris L enhanced root [42-44]
i & western enhanced rhizosphere 3 ' elongation and
to soil Songnen Plain alkaline and acid absorptive capacity,
phosphatase and phytase alleviated saline-alkali
activities, etc. stress, etc.
Altered soil organic
matter, total nitrogen,
alkali-hydrolyzable
nitrogen, available
Application of phosphorus, and readily
500hrr}% walgut Replantati available potassium Mal . Increas;[ed annL:iall_
shell woo eplantation tents; i d alus increments in seedling )
5 Walnut shell vinegar (1:100 soil scllog‘aesr;,suiggzg?Zid micromalus height, ground diameter, [45]
dilution) to the catalase activities; and leaf area.
root zone. decreased rhizosphere
pathogenic fungi
(Fusarium, Ilyonectria,
Alternaria) in summer
and autumn, etc.
Root drenching I d strawb
with wood Saline—alkali SSICJE?: esu Sal;a::mi;};
6  Peanut shell vinegar soil with pH Acidic soil conditions. Strawberry & ", [46]
(600-fold - enhanced yield and fruit
dilution). quality.
Increased available P,
exchangeable Cd and Zn,
.total N, and
The residue of Soil surface The Cd—Zn alkali-hydrolyzable N; Significantly increased
spent : ith multiple enhanced enzyme y . )
mushroom spraying wit contaminated activities; enriched plant Sedum alfredii plant height and root [47]
substrate wood vinegar. soil growth—ioromoting and length.
metal-mobilizing bacteria
(Bacillus, Gemmatimonas,
Streptomyce, etc.).
Uniform soil .
surfa.ce Takyr-like Decreased soil alkalinity Improved see.dlullg
spraymg . . and surface salt content; . emergence, survival rate, )
8  Applewood followed by sahn;e(:ia{lkah increased soil enzyme Oil sunflower plant height, and disk 48]
soil activities. diameter vs. control.
incorporation.

2.2.2. Enhancement of Plant Stress Resistance by Wood Vinegar

Wood vinegar can regulate plant physiological metabolism in multiple ways, including
enhancing photosynthetic performance and increasing the content and activity of antiox-
idant enzymes, which are closely associated with improved stress resistance in plants.
Studies have shown that wood vinegar can significantly improve the growth indices of
Taraxacum mongolicum and Pimpinella brachycarpa, accompanied by increases in leaf relative
chlorophyll content (SPAD values), soluble sugar content, and soluble protein content in
both species [49]. Wood vinegar can regulate stomatal conductance and chlorophyll content
in rice, thereby increasing the net photosynthetic rate by 27.3%, enhancing photosynthetic
performance, and promoting the accumulation of total soluble sugars to 9.71 mg-g~!. These
effects ultimately lead to a yield increase of up to 32.4%, a 62.88% improvement in head
rice milling rate, and a marked reduction in grain chalkiness. In addition, wood vinegar
increases the total phenolic content of rice from 1.3 to 2.4 mg-g~!, potentially enhancing
plant health through improved antioxidant capacity and thereby contributing to both
higher yield and improved grain quality [50].
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Foliar application of wood vinegar diluted 400-fold increased the chlorophyll content
of Isatis indigotica by 11.99%, while the photosynthetic rate, transpiration rate, and stomatal
conductance increased by 23.58%, 57.14%, and 28%, respectively. The treatment also
reduced MDA content and modulated antioxidant enzyme activities in I. indigotica under
drought stress, thereby mitigating drought-induced damage [51]. Foliar application of
pistachio-derived wood vinegar effectively alleviated salt stress in cucumber seedlings,
reducing reactive oxygen species (ROS) and MDA levels by 7% and 10%, respectively.
In addition, the carotenoid content of cucumber seedlings increased by 56%, while fresh
root weight and leaf area increased by 41% and 34%, respectively [52]. Pot experiments
showed that soil application of wood vinegar increased soil nutrient content and enhanced
the activities of nitrate reductase (NR), superoxide dismutase (SOD), and catalase (CAT)
in cotton leaves, thereby improving plant stress resistance [53]. Wood vinegar can also
improve the rhizosphere soil microenvironment of continuously cropped tomato and
enhance the resistance of tomato root systems, thereby helping to alleviate the problems
associated with tomato monoculture [26].

3. Soil Improvement Effects of Wood Vinegar

Soil salinization and alkalization severely impair soil health, reduce crop productivity,
and pose significant threats to global food security, environmental sustainability, and
socioeconomic development [54]. Salt accumulation leads to the deterioration of soil
properties, reduces the productive potential of soils, and impairs their ecological functions.
Microorganisms constitute a critical component of saline soils, suggesting that microbial
remediation represents a promising strategy for the improvement of salt-affected soils [55].
Previous studies indicate that wood vinegar has soil-ameliorating properties that enhance
soil fertility by regulating soil salinity and improving soil physicochemical and biological
characteristics. The following sections discuss in detail the specific ameliorative effects of
wood vinegar on plant-soil systems.

3.1. Effects of Wood Vinegar on Soil Salinity

Soil salinity variation is primarily reflected in changes in the composition and con-
centration of ions in the soil solution, whereas fluctuations in soil pH may also indicate
transformations in salt forms in saline-alkaline soils. Wood vinegar has been shown to
effectively reduce the pH and salinity of saline-alkaline soils. When applied in combination
with biochar, saline-alkaline soils pH decreased from 10.31 to 9.97, while soil salt content
declined from 3.28 g-kg~! to 2.93 g-kg~! [56]. The application of peach shell-derived
wood vinegar reduced the total water-soluble salt content in saline—alkaline soils from
Xinjiang [33]. Field experiments showed that the combined application of 15 t-hm~2 biochar
and 450 kg-hm 2 wood vinegar reduced the electrical conductivity of saline-alkaline crop-
land soil by 13.0% [36].

3.2. Improvement of Soil Chemical and Biological Properties by Wood Vinegar

Wood vinegar can enhance soil chemical fertility by increasing macronutrient avail-
ability and improve soil biological activity by modulating microbial community structure
and stimulating the activity of enzymes involved in nutrient transformation. Previous
studies have shown that wood vinegar can significantly activate the soil phosphorus pool,
increase available phosphorus content by nearly 50%, and enhance phosphatase activity as
well as microbial biomass phosphorus [56]. The application of peach shell derived wood
vinegar significantly increased available phosphorus and available potassium contents in
saline-alkaline soils from Xinjiang. In addition, the activities of soil polyphenol oxidase (S-
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PPO) and soil alkaline phosphatase (S-AKP) increased significantly by 16.65% and 17.80%,
respectively [33].

The relative abundance of Ascomycota increased in the rhizosphere soil of continu-
ously cropped tomato after treatment with wood vinegar at different dilution levels. The
abundances of dominant fungal genera, including Neocosmospora, Aspergillus, Penicillium,
Trichoderma, Chaetomium, and Fusarium, were also elevated. These findings suggest that
wood vinegar application can enrich beneficial soil microorganisms and improve the rhi-
zosphere ecological environment in continuous tomato cropping systems [26]. Treated
with wood vinegar, the phospholipid fatty acid (PLFA) ratio of fungi to bacteria (F/B)
in the mixed substrate of coal gangue and raw soil increased significantly, whereas the
ratio of Gram-positive to Gram-negative bacteria (GP/GN) decreased. In addition, the
ratio of straight-chain saturated fatty acids to monounsaturated fatty acids (SAT/MONO)
increased significantly. An elevated F/B ratio suggests greater microbial community sta-
bility, while a lower GP/GN ratio together with a higher SAT/MONO ratio indicates
improved nutrient status of the substrate [57]. Appropriate concentrations of wood vinegar
significantly increase the Chaol index and abundance-based coverage estimator (ACE)
as well as the Shannon diversity index of bacterial communities in tomato rhizosphere
soil. This treatment enhances bacterial richness while maintaining community stability,
promotes beneficial microorganisms, and improves soil nutrient status [58].

4. Progress in the Practical Applications of Wood Vinegar

The multifunctional bioactivity of wood vinegar provides broad potential for diverse
applications. In agricultural production, it has been widely explored as a green control
agent, plant growth promoter, and synergistic enhancer [59]. Its antimicrobial activity,
plant growth-promoting functions, and soil-conditioning effects are closely interconnected
rather than functioning as independent processes, as illustrated in Figure 2. The follow-
ing sections discuss recent advances in the applications of wood vinegar from different
functional perspectives.
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Figure 2. Ecological effects of wood vinegar in disease suppression and growth promotion.

4.1. Applications of Wood Vinegar in Biological Disease Control

As a green control agent, wood vinegar produced from mixed biomass sources (grape
residues, Chinese fir, and corn straw) has been reported to reduce the incidence of tomato
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wilt disease. In particular, application of 0.9% wood vinegar decreased the disease index by
100%, 96%, 84%, and 81% across four consecutive tomato cultivation cycles [60]. Owing to
its complex mixture of organic compounds, wood vinegar may exhibit multiple biological
functions. Current studies have demonstrated that wood vinegar can simultaneously
enhance plant disease resistance and promote plant growth, highlighting its considerable
potential as a sustainable agricultural input. For example, wood vinegar effectively sup-
presses clubroot disease in Chinese cabbage while simultaneously promoting plant growth.
The control efficacy increases with increasing concentration, and treatment with a 200-fold
dilution of wood vinegar resulted in a clubroot incidence of 14.42% with a control efficacy
of 68.72% [61]. Similarly, wood vinegar has been reported to significantly suppress infection
by Meloidogyne incognita in strawberry plants while improving their commercial quality
traits [62]. Nevertheless, current research and applications of wood vinegar have been
predominantly centered on the agricultural sector, while its potential utilization in forestry
production systems remains insufficiently explored.

4.2. Applications of Wood Vinegar as a Pesticide Synergist

In practical disease management, wood vinegar can function as a synergist when
combined with conventional pesticides. Such combined applications can reduce reliance
on chemical pesticides while promoting more sustainable and efficient disease control
strategies. Studies have shown that pine wood vinegar effectively controls tomato bacterial
wilt and gray mold. When combined with pesticides, it enhances pesticide efficacy, and
comparable control can be achieved even with reduced pesticide dosages relative to pesti-
cide application alone [63]. In addition, the combined application of wood vinegar-biogas
slurry with biopesticides achieved control efficiencies of 86.7%, 90.4%, and 96.7% against
powdery mildew, aphids, and spider mites, respectively, which were significantly higher
than those obtained with wood vinegar or biogas slurry alone [64].

4.3. Applications of Wood Vinegar in Weed Management

Wood vinegar can also be utilized for weed management, demonstrating its potential
as an environmentally friendly herbicide. For instance, the herbicidal efficacy of apple
wood vinegar against Leonurus cardiaca L., Bidens pilosa L., and Festuca arundinacea L.
increased with application rate, with half-maximal inhibitory (ICsp) values of 1911 L-ha~!
and 653 L+-ha~! for L. cardiaca and B. pilosa, respectively [65]. Similarly, field experiments
showed that elm wood vinegar exhibited herbicidal activity against several broadleaf weeds,
including Perilla frutescens, Oxalis corniculata, and Geranium carolinianum. Application at
4000 L-ha~! achieved complete control of P. frutescens and up to 82% control of O. corniculate
and G. carolinianum, indicating the potential of wood vinegar as a natural herbicide for
broadleaf weed management [14].

5. Environmental Impacts and Safety Concern of Wood Vinegar

As a novel environmentally friendly resource [59], the safety of wood vinegar in
practical applications has attracted increasing attention. The effects of wood vinegar on
soil properties, plant growth, and other organisms directly influence the feasibility of its
large-scale application. This section evaluates the potential ecological risks associated
with wood vinegar use from three perspectives: soil safety, phytotoxicity, and the safety of
non-target organisms.

5.1. Soil Environmental Safety

Wood vinegar, as a weakly acidic liquid, is widely applied for the amelioration of
saline-alkaline soils; however, its acidity and complex chemical composition may also pro-
duce adverse effects in neutral or acidic soils. Studies have shown that 100-fold diluted oak
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wood vinegar may negatively affect the physicochemical properties of tomato rhizosphere
soil due to the presence of phenolic and acidic compounds as well as unstable organic
constituents, resulting in significant reductions in soil organic matter, available potassium,
available phosphorus, and nitrate nitrogen contents [58]. Therefore, appropriate application
concentrations of wood vinegar should be tailored to specific soil types to ensure soil safety.

5.2. Plant Safety

During the application of wood vinegar for the management of annual plants in
weed communities, it not only inhibits the growth of certain species but also eliminates
some species, such as Bromus spp., Calendula arvensis, and Carduus pycnocephalus [66].
A 10% concentration of wood vinegar completely inhibited root growth in Eruca sativa,
whereas undiluted (100%) wood vinegar entirely suppressed root development in five plant
species, including Eruca sativa, Lactuca sativa, Lens culinaris, Lolium multiflorum, and Solanum
lycopersicum. These results suggest that untreated wood vinegar exhibits strong phytotoxic
effects [62]. Studies have shown that eucalyptus wood vinegar inhibits seed germination
and root growth of Allium cepa (a monocotyledon), with ECs values of 5.556 g~L*1 and
3.436 g-L 71, respectively [67]. Wood vinegars derived from coconut shell and acacia inhibit
Fusarium oxysporum f. sp. Cubense Tropical Race 4 (Foc TR4), but may also affect banana
growth. At low concentrations (2% v/v), they promote plant growth, whereas higher con-
centrations (>4% v/v) induce phytotoxic symptoms such as leaf necrosis and chlorosis [68].
These findings suggest that wood vinegar exhibits phytotoxic effects at high concentrations
and that its biological activity is strongly concentration-dependent. The phytotoxicity
threshold is primarily influenced by the properties of the original wood vinegar. However,
considerable variability exists among different wood vinegar preparations, highlighting the
necessity of conducting efficacy and safety evaluations prior to their practical application.

5.3. Safety for Other Biota

Besides soil and plants, wood vinegar may also affect other non-target organisms. For
example, wood vinegar at concentrations of 0.5% and 1% has been reported to impair re-
production in Eisenia fetida, significantly reducing cocoon production and juvenile hatching
rates [69]. Acute toxicity assays using Daphnia magna indicate that wood vinegar derived
from eucalyptus wood fines, a by-product of sulfate pulp production, can exert harmful
effects on aquatic organisms [67].

6. Conclusions

Wood vinegar, as a multifunctional biomass derived product, has shown considerable
potential in disease control, plant growth promotion, and soil improvement. However,
substantial gaps remain in understanding its mechanisms of action, forestry-related appli-
cations, and long-term ecological impacts within agricultural systems. Therefore, future
research should focus on the following aspects.

(a) Molecular-level mechanistic elucidation of disease resistance and growth promoting
effects of wood vinegar.

Current studies on the antimicrobial and disease resistance effects of wood vinegar
have largely concentrated on plate inhibition assays and disease control efficacy evaluations.
Nevertheless, the molecular mechanisms through which its active constituents interact
with pathogenic microorganisms and activate plant immune signaling pathways remain
largely unresolved. Future studies may employ multi-omics approaches to elucidate
the interactions between key bioactive components of wood vinegar and plants, thereby
revealing the signaling pathways involved in the induction of plant resistance. In addition,
the stress resistance and growth promoting effects of wood vinegar are often closely
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interconnected; however, the coordinated regulatory mechanisms underlying these effects
remain largely unexplored.

(b) Extension of wood vinegar application from agricultural to forestry systems.

Current research on wood vinegar has primarily focused on crops and annual herba-
ceous plants, whereas woody plants have rarely been selected as target species. Compared
with crops and annual herbaceous plants, woody plants experience longer growth cycles,
greater environmental variability, more complex secondary growth processes, and more
sophisticated stress defense mechanisms. Therefore, whether wood vinegar can exert
similarly beneficial effects in forestry production as those reported in agricultural systems
remains unclear and requires further investigation. Future studies should place greater
emphasis on forestry applications by selecting forest trees and other woody species to
systematically evaluate the efficacy of wood vinegar.

(c) Long-term ecological safety assessment of wood vinegar in agricultural ecosystems.

Our research group evaluated the antimicrobial activity of wood vinegar derived from
bamboo and observed non-selective inhibitory effects on both pathogenic and beneficial
fungi (unpublished data). This result suggests potential safety concerns regarding its
application, which is consistent with previous reports. Although previous studies have pre-
liminarily evaluated the safety of wood vinegar with respect to soil properties, plants, and
other organisms, most investigations have primarily focused on short-term acute toxicity
tests. Consequently, comprehensive assessments of the potential ecological risks associated
with long-term and repeated applications remain limited. For example, the persistence
and accumulation of complex components derived from wood vinegar in soil, as well
as their chronic toxic effects on non-target organisms, including plants and other biota,
remain poorly understood. Moreover, systematic investigations into potential disturbances
to population dynamics within agricultural ecosystems are still lacking. Future studies
could integrate ecotoxicological approaches with long-term field monitoring programs to
comprehensively evaluate the ecological impacts of wood vinegar application. Further-
more, efforts are needed to develop effective risk mitigation strategies, such as optimizing
compound combinations and refining application methods, to minimize potential risks
associated with its agricultural use.

In summary, research on the disease resistance and growth-promoting effects of wood
vinegar is gradually shifting from phenomenological observations toward mechanistic
elucidation, with its applications expanding from agriculture to forestry, while increasing
attention is being directed toward its ecological safety. Future studies should integrate
multiple disciplines, including chemistry, ecology, biology, and agronomy, to elucidate
the molecular mechanisms underlying the biological activities of wood vinegar while
conducting comprehensive ecological safety assessments. By integrating mechanistic
investigations with safety evaluations, such interdisciplinary efforts will provide a solid
scientific basis for the safe and effective application of wood vinegar, thereby facilitating its
broader utilization in sustainable agriculture and forestry.
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