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A B S T R A C T

Wood vinegar (WV), an industrial product derived from biomass pyrolysis, holds significant potential for sus
tainable crop production. However, a systematic and quantitative assessment of its effects on crop yield across 
different species, application methods, and environmental conditions has been lacking. Here we present a global 
meta-analysis based on 94 studies to comprehensively evaluate the impacts of WV on crop seed germination, 
physiological traits, and yield, and to identify key factors modulating these effects. Our results showed that WV 
promotes germination in a concentration-dependent manner. At 0.5–1.0%, it increased germination by 31.5% in 
monocots, while at 0.1–0.5% concentration, it increased germination rate by 25.6% in dicots, without inhibiting 
subsequent seedling growth. For yield, foliar spray and soil application increased crop yield by 19.4% and 17.8% 
on average. Application strategies must be optimized by crop type. For foliar spray, monocots require multiple 
applications at concentrations ≤ 0.5%, whereas dicots benefit from fewer applications within the optimal range 
of 0.1–0.5%. For soil application, limited additions at 0.5–1.0% achieve the best balance between yield benefit 
and cost for dicots. WV produced at low pyrolysis temperatures (≤ 500 

◦

C) is more effective for foliar use, while 
low-pH (≤ 4) WV is preferable for soil application. Foliar application performed better under high soil nutrient 
conditions, and soil application was more effective in soils with pH > 7. Correlation analyses indicate that yield 
enhancement is closely associated with increased antioxidant enzyme activity in leaves and improved photo
synthetic parameters. This study provides global-scale quantitative evidence supporting WV as an industrial 
biostimulant with strong potential to enhance crop production sustainably, and offers specific parameter 
thresholds and theoretical guidance for its precise application across diverse crop types and soil conditions.

1. Introduction

Achieving sustainable agricultural production amid growing global 
population pressures and escalating resource constraints has become a 
critical challenge for ensuring food security and ecological stability (Pecl 
et al., 2017; Springmann et al., 2018). However, the heavy dependence 

of traditional intensive agriculture on chemical inputs has caused sig
nificant environmental damage, such as soil degradation, water eutro
phication, and increased greenhouse gas emissions, which endanger 
biodiversity and human health (Clark and Tilman, 2008; Guo et al., 
2010; Yang et al., 2023). In Northeast China, for example, prolonged 
intensive tillage and excessive fertilizer application have caused 

* Corresponding author.
** Corresponding author at: Guangdong Engineering Technology Research Centre of Modern Eco-agriculture and Circular Agriculture, College of Natural Resources 

and Environment, South China Agricultural University, Guangzhou 510642, China
E-mail addresses: qinfenli2005@163.com (Q.-F. Li), rlw2009@scau.edu.cn (R.-L. Wang). 

Contents lists available at ScienceDirect

Industrial Crops & Products

journal homepage: www.elsevier.com/locate/indcrop

https://doi.org/10.1016/j.indcrop.2026.123931
Received 31 March 2026; Received in revised form 5 June 2026; Accepted 14 July 2026  

Industrial Crops & Products 250 (2026) 123931 

Available online 18 July 2026 
0926-6690/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license ( http://creativecommons.org/licenses/by- 
nc/4.0/ ). 

https://orcid.org/0000-0001-9010-0061
https://orcid.org/0000-0001-9010-0061
mailto:qinfenli2005@163.com
mailto:rlw2009@scau.edu.cn
www.sciencedirect.com/science/journal/09266690
https://www.elsevier.com/locate/indcrop
https://doi.org/10.1016/j.indcrop.2026.123931
https://doi.org/10.1016/j.indcrop.2026.123931
http://crossmark.crossref.org/dialog/?doi=10.1016/j.indcrop.2026.123931&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


substantial soil organic carbon depletion, nutrient imbalances, and 
diminished agroecosystem functionality (Wang et al., 2024). In the 
quest for sustainable options, wood vinegar (WV), a liquid extracted 
from the pyrolysis of agricultural and forestry biomass waste, has gained 
growing attention. As a natural and eco-friendly by-product, it contains 
an abundance of organic acids, phenolics, and bioactive compounds, 
offering various environmental benefits, including enhancing plant 
growth, inhibiting soil-borne pathogens, and improving soil physical 
and chemical properties (Mathew and Zakaria, 2015). The effects of 
wood vinegar on crop performance vary widely, and a comprehensive 
quantitative analysis across different conditions is still missing. Hence, it 
is crucial to develop effective, ecologically sustainable technologies that 
work together to improve crop yields, addressing an urgent scientific 
and practical need (Lambin and Meyfroidt, 2011).

Accumulating evidence suggests that WV holds considerable un
tapped potential for improving crop productivity. For example, seed 
soaking with optimal WV concentrations improved germination in basil, 
lettuce, and chickpea (Maresca et al., 2024), increased germination rates 
and seedling biomass in rice (Zhang et al., 2022), and enhanced 
photosynthetic efficiency and grain yield through foliar application (Hur 
et al., 2025). Similarly, both foliar and soil applications promoted to
mato growth and fruit yield (Mungkunkamchao et al., 2013). While WV 
is presented as beneficial for germination and crop yield, the potential 
for negative or phytotoxic effects is omitted, as illustrated by reports of 
suppressed rapeseed germination (Deng et al., 2024) and reduced 
strawberry growth and yield (Iacomino et al., 2024). This inconsistency 
likely stems from complex interactions among WV characteristics, 
application protocols, crop species, and environmental factors. 
Species-specific responses have been documented, with lentil showing 
significant yield increases under foliar WV application, whereas 
chickpea and bean exhibited no response (Carril et al., 2023). 
Dosage-dependent effects are evident, as varying WV concentrations 
differentially impacted tomato growth and yield (Ofoe et al., 2024). 
Feedstock source and pyrolysis temperature play crucial roles in deter
mining the chemical composition of WV and its subsequent agronomic 
effectiveness (Zhou et al., 2022). For example, Ebrahimi et al. (2022), 
(2025) showed that even within the same date palm cultivar, the com
positions of the raw material and its pyrolysis products differed mark
edly depending on the climatic zone and the plant part, and the 
concentrations of acetic acid, phenol, and furfural in the aqueous and 
organic phases of the wood vinegar also varied significantly. Further
more, soil-mediated effects vary with edaphic conditions, as WV 
differentially alters soil enzyme activity, pH, and microbial communities 
across soil types, thereby modulating crop growth and yield (Kenday 
et al., 2022). Despite numerous individual studies examining these 
factors, high heterogeneity in experimental designs and conditions has 
precluded the development of a systematic quantitative framework for 
evaluating how these variables collectively regulate WV efficacy and the 
underlying mechanisms. This variability introduces substantial uncer
tainty regarding WV's practical efficacy and constrains its adoption as a 
reliable agronomic practice, necessitating systematic integration and 
quantitative synthesis of existing evidence to clarify its true effects 
under varying conditions.

To address this knowledge gap, we conducted a comprehensive 
global meta-analysis of 94 published studies was conducted to system
atically evaluate WV effects on crop production. Our specific objectives 
were to: (i) quantify WV impacts on seed germination, plant growth, and 
yield; (ii) analyze how key moderating factors, including crop species, 
application strategy (dosage and method), WV feedstock and pyrolysis 
conditions, and soil properties, influence these effects; and (iii) elucidate 
the physiological mechanisms underlying WV-enhanced crop yield. This 
study provides a robust theoretical foundation to inform precision 
application strategies for maximizing WV efficacy in sustainable 
agriculture.

2. Materials and methods

2.1. Data collection

A comprehensive literature search was conducted to identify peer- 
reviewed studies published till December 2025 from Web of Science 
(All Databases, https://apps.webofknowledge.com) and China National 
Knowledge Infrastructure (http://www.cnki.net). To ensure compre
hensive retrieval while accounting for studies that specify crop species 
rather than general "crop" terminology, we used the following search 
terms: "wood vinegar" OR "wood distillate" OR "pyroligneous acid", and 
after the search each retrieved record was manually screened one by 
one, to ensure that all relevant studies were included without omission. 
Study selection followed rigorous inclusion criteria to minimize bias: (i) 
reporting of at least one response variable related to seed germination 
and seedling growth (germination rate, seedling height, root length), 
crop growth and yield (plant height, biomass, yield), or physiological 
indicators [superoxide dismutase (SOD), peroxidase (POD), catalase 
(CAT), malondialdehyde (MDA), net photosynthetic rate (Pn), transpi
ration rate (Tr), intercellular CO2 concentration (Ci), stomatal conduc
tance (Gs), and total chlorophyll]; (ii) paired control and WV treatments 
without confounding factors such as stress conditions or additional 
exogenous substances; and (iii) minimum of three replicates per exper
imental group. These indicators collectively span seed germination, 
seedling establishment, vegetative growth, yield formation, and physi
ological performance, providing a robust framework for comprehensive 
evaluation of WV effects on crop production.

Following systematic screening, 94 articles met the inclusion criteria 
(Figure S1). We extracted means, standard deviations (SD), and sample 
sizes for all response variables from tables, text, figures, or 
supplementary materials using GetData Graph Digitizer software 
(http://www.getdata-graph-digitizer.com). Geographical coordinates 
were obtained from original articles or determined via Google Earth 
(https://earth.google.com). The global distribution of study sites 
encompassed Africa, Europe, the Americas, and Asia (Fig. 1A). Publi
cation temporal analysis revealed that 57% of studies (n = 54) were 
published between 2021 and 2025. Experimental settings comprised 
70% laboratory or greenhouse studies (n = 66) and 30% field trials (n =
28) (Fig. 1B).

When a single experiment reported multiple WV concentrations or 
application methods, each treatment group was extracted as a separate 
observation and paired with its corresponding control group (Gurevitch 
et al., 2018). To standardize comparisons across studies, WV concen
trations expressed as dilution ratios, or mL/L, were converted to per
centage (v/v) units. Crop species were categorized as monocots (e.g., 
rice, wheat, Chinese chive) or dicots (e.g., soybean, tomato, pepper, 
tobacco, rapeseed), reflecting fundamental differences in germination 
patterns, leaf morphology, and root architecture that influence optimal 
WV response concentrations. Application methods were classified as 
seed treatment, foliar spray, or soil application. optimal concentrations 
and application frequencies for each crop category under different 
application methods were subsequently analyzed. Notably, soil appli
cation studies predominantly involved dicot crops, with insufficient 
representation of monocots to enable valid subgroup comparisons. 
Therefore, crop-type-specific analyses were restricted to seed treatment 
and foliar spray.

WV production characteristics were categorized as follows: feedstock 
type (wood, straw, agricultural waste), pyrolysis temperature (≤ 500 ◦C 
or > 500 ◦C), and raw pH (≤ 4 or > 4). Additionally, we examined crop 
yield responses in relation to soil properties [pH, total nitrogen (TN), 
available phosphorus (AP), available potassium (AK), and soil organic 
matter (SOM)] under both foliar spray and soil application methods.

2.2. Meta-analysis

The natural logarithm of the response ratio (LnRR) was employed to 
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quantify the effects of WV application on crop seed germination, seed
ling growth, plant growth, and yield. The calculation equation is: 

ln RR = ln
(

Xt

Xc

)

= ln Xt − ln Xc (1) 

.
In the formula, Xt and Xc denote the means of the treatment and 

control groups, respectively. The LnRR value > 0 indicates a positive 
impact, while a LnRR value < 0 indicates a negative effect. The corre
sponding error variance (V) of LnRR is calculated as follows: 

V(ln RR) =
SDt

2

NtXt
2 +

SDc
2

NcXc
2 (2) 

.
In the formula, SDt and SDc represent the SD of the treatment and 

control groups, respectively; Nt and Nc represent the sample sizes of the 
treatment and control groups, respectively. When the papers presented 
the standard error (SE) instead of the SD, we used the following equation 
to convert it: 

SD = SE ×
̅̅̅
n

√
(3) 

.
The LnRR values for each variable were converted to the percentage 

change caused by WV using the following equation: 

Changes (%) = (elnRR－1) × 100                                                     (4)

.

The statistical analyses were conducted in Origin 2021 (Analytical 
Software Northampton, Hampton, MA, USA) (https://www.origincn. 
com.cn/) software and R (version 4. 3. 1) (Lucent Technologies, 
Durham, NC, USA) (https://www.r-project.org/) software using “met
afor” packages (Viechtbauer, 2010; Lajeunesse, 2016). The missing SD 
was filled using the coefficient of variation from all studies with com
plete information (Abdellah et al., 2022a; Deng et al., 2025a; Abdellah 
et al., 2026). The overall effect of WV was estimated using a 
mixed-effects model in the rma.mv function. Both linear and nonlinear 
fitting models were used to examine the correlation between the effect 
value and both concentration and frequency. As for the relationships 
among plant height, biomass, and yield, we performed polynomial and 
linear fits and selected the model with the lower AIC (Akaike Informa
tion Criterion) value. To test for publication bias, the fail-safe number 
method was applied. The fail-safe number greater than 5 n + 10 is 
considered robust to publication bias (n is the original number of 
studies) (Rosenberg, 2005; Abdellah et al., 2022b). In this meta-analysis, 
the data showed no evidence of publication bias, indicating that the 
results are robust and reliable (Table S1).

3. Result

3.1. Overall effect of WV application

On average, crop germination rates were not significantly affected by 
seed treatment with WV compared to controls (p > 0.05), but the effect 
exhibits significant concentration dependency, with optimal concen
trations significantly improving germination (see 3.4). However, it 
significantly inhibited early seedling development, reducing seedling 

Fig. 1. Global distribution of included studies (A) and the number of studies in this meta-analysis by geographic region, application method, experimental condition, 
and publication year (B).
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height and root length by 17.5% and 28.4%, respectively (p < 0.001) 
(Fig. 2A). These inhibitory effects on germination and seedling growth 
were consistent across monocot and dicot crops (p > 0.05) (Figures 2D 
and S2A). Foliar spray significantly enhanced vegetative growth and 
productivity, increasing plant height, biomass, and yield by 7.7%, 
25.9%, and 19.4%, respectively (p < 0.001) (Fig. 2B). These beneficial 
effects were comparable between monocots and dicots (p > 0.05) 
(Figure 2E and S2B). Soil application significantly improved plant height 
and yield by 4.6% and 17.8%, respectively (p < 0.001), but did not 
significantly affect biomass accumulation (p > 0.05) (Fig. 2C). Yield 
enhancement through soil application was similar across crop types (p >
0.05) (Fig. 2F). Comparative analysis of application methods revealed 
that foliar spraying produced significantly greater biomass enhancement 
than soil application (p < 0.001). However, effects on plant height and 
yield did not differ significantly between methods (p > 0.05) 
(Figure S3).

3.2. Effects of feedstock, pyrolysis temperature, and raw WV pH on crop 
seed germination and yield

Feedstock type, pyrolysis temperature, and raw WV pH did not 
significantly modulate seed germination responses (p > 0.05) (Fig. 3A). 
For foliar spray, pyrolysis temperature critically influenced WV efficacy 
(p < 0.001). Low-temperature (≤ 500 ◦C) WV significantly increased 
yield by 72.7% compared to controls, whereas high-temperature (>500 
◦C) WV significantly reduced yield by 30.4% (Fig. 3B). For soil appli
cation, raw WV pH significantly affected yield responses (p < 0.05). 
Low-pH (≤4) WV significantly enhanced yield by 25.4% (p < 0.001), 
whereas high-pH (>4) formulations produced no significant yield effects 

(p > 0.05) (Fig. 3C).

3.3. Influence of soil properties on crop yield response to WV

The yield response to foliar WV application was notably affected by 
soil nutrient status. In high-nutrient conditions, defined as total nitrogen 
(TN) > 2 g/kg, available phosphorus (AP) > 50 mg/kg, available po
tassium (AK) > 100 mg/kg, or soil organic matter (SOM) > 12 g/kg, 
foliar spraying increased yields by 18.6–30.0% (p < 0.001). These in
creases were significantly greater than those in soils with lower nutrient 
levels (p < 0.05). Soil pH, however, did not significantly influence the 
effectiveness of foliar spray (p > 0.05) (Fig. 4A). Conversely, soil pH 
played a critical role in soil application results. When soil pH was above 
7, soil application increased yields by 25.1% (p < 0.001), a significantly 
higher effect than in neutral or acidic soils (pH ≤ 7) (p < 0.05). Nutrient 
levels in the soil did not significantly affect the yield response to soil 
application (p > 0.05) (Fig. 4B).

3.4. Effects of WV concentration and application frequency on crop seed 
germination, growth, and yield

The effects of WV on seed germination and seedling growth varied 
with concentration. For monocots, germination responses showed no 
significant logarithmic relationship with concentration (p = 0.56) 
(Fig. 5A); however, concentrations of 0.5–1.0% significantly increased 
germination by 31.5% (p < 0.001), whereas other concentrations pro
duced no significant effects (p > 0.05) (Fig. 5C). Neither seedling height 
nor root length was significantly affected at any concentration (p >
0.05) (Figure S4A). For dicots, concentration effects followed a 

Fig. 2. Effects of wood vinegar seed soaking on crop germination and growth and differences between crop types (A and D); effects of wood vinegar foliar spray on 
crop growth and yield and differences between crop types (B and E); effects of wood vinegar soil application on crop growth and yield and differences between crop 
types (C and F). Solid dots in the figure indicate significant effects, while hollow dots indicate non-significant effects. Values are mean relative changes and error bars 
show the 95% CI. The number of observations for each indicator is presented on the left. Non-significant change is indicated by confidence intervals overlapping the 
reference line (p ≥ 0.05). * indicated p < 0.05, ** indicated p < 0.01， *** indicated p < 0.001. SH, seedling height; RL, root length; GR, germination rate; PH, plant 
height; Bio, biomass.
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significant quadratic relationship (p < 0.05) (Fig. 5B). Concentrations of 
0.1–0.5% significantly enhanced germination by 25.6% (p < 0.01), 
whereas concentrations >1.0% significantly inhibited germination (p <

0.05) (Fig. 5D). While seedling height remained unaffected (p > 0.05), 
root elongation was significantly suppressed at concentrations >1.0% (p 
< 0.01) (Figure S4B).

Fig. 3. Effects of feedstock type, pyrolysis temperature, and raw WV pH on the crop seed germination effect value via wood vinegar soaking (A), and the crop yield 
effect value via foliar spraying and soil application of wood vinegar (B). Solid dots in the figure indicate significant effects, while hollow dots indicate non-significant 
effects. Values are mean relative changes and error bars show the 95% CI. The number of observations for each category is presented on the left. Non-significant 
change is indicated by confidence intervals overlapping the reference line (p ≥ 0.05). * indicated p < 0.05, ** indicated p < 0.01， *** indicated p < 0.001.

Fig. 4. Effects of soil properties on the crop yield effect value of wood vinegar through foliar application (A) and soil application (B). Solid dots in the figure indicate 
significant effects, while hollow dots indicate non-significant effects. Values are mean relative changes and error bars show the 95% CI. The number of observations 
for each category is presented on the left. Non-significant change is indicated by confidence intervals overlapping the reference line (p ≥ 0.05). * indicated p < 0.05, 
** indicated p < 0.01， *** indicated p < 0.001. TN: soil total nitrogen; AP: soil available phosphorus; AK: soil available potassium; SOM: soil organic matter.
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The effects of foliar spray on yield were modulated by concentration. 
For monocots, yield response was significantly negatively correlated 
with the natural logarithm of concentration (p < 0.01) (Fig. 5E). Con
centrations ≤0.5% significantly increased yield by 16.3% (p < 0.001), 
an effect superior to higher concentrations (p < 0.05) (Fig. 5H). Neither 
plant height nor biomass was significantly affected (p = 0.555 and p =
0.545, respectively) (Figure S4C and S4D). For dicots, yield response 
followed a significant parabolic relationship with concentration (p <
0.001) (Fig. 5F). The optimal range of 0.25–0.5% significantly increased 

yield by 32.9% (p < 0.001), whereas concentrations >2.0% significantly 
reduced yield by 42.0% (p < 0.001) (Fig. 5I). Plant height was signifi
cantly affected (p < 0.05), with 0.5–1.0% producing optimal enhance
ment (21.3% increase, p < 0.05), whereas biomass remained unaffected 
(p = 0.058) (Figure S4C and S4D). Soil application in dicots also 
exhibited parabolic concentration effects (p < 0.01) (Fig. 5G). Concen
trations of 0.5–1.0% produced maximal yield enhancement (27.4% in
crease), whereas concentrations >2.0% eliminated significant yield 
benefits (p > 0.05) (Fig. 5J). While plant height was unaffected (p =

Fig. 5. Effects of wood vinegar concentration on the seed germination effect value of monocots (A and C) and dicots (B and D) crops via seed soaking, the yield effect 
value of monocots (E and H) and dicots (F and I) crops through foliar spraying, and the yield effect value of dicots (G and J) crops through soil application. Solid dots 
in the figure indicate significant effects, while hollow dots indicate non-significant effects. Values are mean relative changes and error bars show the 95% CI. The 
number of observations for each category is presented on the left. Non-significant change is indicated by confidence intervals overlapping the reference line 
(p ≥ 0.05). * indicated p < 0.05, ** indicated p < 0.01， *** indicated p < 0.001. Significance in the regression model was indicated by p < 0.05.
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0.183), biomass accumulation was significantly suppressed at concen
trations >1.0% (53.0% reduction, p < 0.01) (Figure S4E and S4F).

Foliar spray frequency exhibited opposing relationships with yield 
between crop types: a significant positive correlation for monocots (p <
0.01) versus a significant negative correlation for dicots (p < 0.001) 
(Fig. 6A, B). Soil application frequency did not significantly affect yield 
in either crop category (p > 0.05) (Fig. 6C).

3.5. Effects of WV application on crop physiological indicators and their 
correlations

WV treatment significantly modulated crop physiological indicators, 
with effects varying by application method. Foliar spray significantly 
enhanced antioxidant capacity and photosynthetic efficiency, increasing 
SOD and CAT activities by 14.2% and 48.2%, respectively, while 
reducing MDA content by 18.0% (p < 0.05) (Fig. 7A). Furthermore, 
foliar WV application increased total chlorophyll content, Pn, Tr, Ci, and 
Gs by 12.6%, 8.3%, 12.0%, 11.5%, and 14.3%, respectively (p < 0.05) 
(Fig. 7C). In comparison, soil application significantly increased SOD 
activity, total chlorophyll content, and Pn by 17.6%, 17.3%, and 56.3%, 
respectively (p < 0.05) (Fig. 7B and D), without significantly affecting 
other antioxidant or gas exchange parameters (p > 0.05).

Correlation analyses revealed significant positive associations be
tween physiological improvements and growth parameters. Plant height 
was significantly correlated with Gs and Tr (p < 0.05). Biomass accu
mulation showed significant positive correlations with SOD, CAT, Pn, Ci, 
and Tr (p < 0.05). Most critically, yield enhancement was significantly 
associated with improvements in Pn, Gs, and Tr (p < 0.05) (Fig. 8A). 
Furthermore, yield responses were significantly positively correlated 
with both plant height (R2 = 0.40, p < 0.001) and biomass (R2 = 0.88, p 
< 0.001) effect sizes (Fig. 8B and C).

4. Discussion

4.1. Overall effects of WV on crop growth and yield

This meta-analysis represents the first quantitative synthesis of WV 
effects on crop performance across diverse agricultural systems. Both 
foliar spray and soil application significantly enhanced yield (Fig. 2B 
and C). These yield gains may be driven by macromolecular organic 
compounds in WV. Organic acids, phenols, and carbonyls can elicit 
hormetic responses analogous to plant hormones (Zhou et al., 2025). 
The two application methods produced divergent effects on biomass 
accumulation. Foliar spray increased biomass by 25.9%. Soil application 
produced no significant effect (Figure S3). This contrast points to 
distinct modes of physiological action. Foliar spray delivers WV directly 
to photosynthetic organs, enabling rapid modulation of stomatal 
conductance and chlorophyll efficiency, thereby accelerating carbon 
assimilation and biomass accumulation (Mungkunkamchao et al., 

2013). Soil application, conversely, primarily modifies rhizosphere 
biogeochemistry, potentially redirecting assimilate allocation toward 
root system expansion or reproductive organs (Yu et al., 2024; Zhao 
et al., 2024a). Despite differences in germination physiology and leaf 
structure, we found no significant differences in WV responses between 
monocots and dicots in germination, growth, or yield (Figures 2D–F and 
S2). This convergence hints at common underlying mechanisms of WV 
action. The mildly acidic environment generated by WV application 
could enhance ethylene biosynthesis, thereby reducing seed dormancy 
(Ribeiro et al., 2018). Simultaneously, WV-induced enhancement of 
α-amylase activity accelerates endosperm starch hydrolysis, ensuring 
adequate energy provision for germination and early seedling estab
lishment (Zhu et al., 2026). Overall, the yield‑promoting effect of WV 
and the absence of systematic differences between monocots and dicots 
in the pooled response are among the most consistently supported 
findings, whereas the magnitude and even direction of effects on 
biomass accumulation, germination, and physiological parameters are 
strongly conditional on application method, concentration, and crop 
type.

4.2. Optimizing concentration and application frequency is key to 
enhancing the promotional effects of WV on crop germination, growth, and 
yield

We found that the effect of WV on germination and early growth is 
not universal. It depends heavily on concentration. Our study shows 
that, on average, under non-optimized concentration conditions, WV 
seed soaking has no significant promoting effect on seed germination 
rate (Fig. 2A); however, this average effect masks a significant concen
tration dependence: an appropriate concentration of WV significantly 
promotes seed germination, while an excessively high concentration 
inhibits this process (Fig. 5). For seedling growth, WV had no significant 
effect on shoot and root length in monocots, but high concentrations 
exhibited significant inhibitory effects in dicots (Figure S4A and S4B). 
The biphasic response likely reflects dual mechanisms of WV action. 
Beneficial concentrations create a mildly acidic environment conducive 
to ethylene-mediated dormancy alleviation and α-amylase activation, 
thereby accelerating starch hydrolysis and energy provision (Ribeiro 
et al., 2018; Zhu et al., 2026). Conversely, excessive acidity at high 
concentrations disrupts cellular pH homeostasis and metabolic equilib
rium (Liu et al., 2011). Seedlings undergoing rapid cellular differentia
tion exhibit heightened metabolic activity and sensitive regulatory 
systems, rendering them more responsive yet vulnerable to external 
chemical signals (Ochoa-Lopez et al., 2020). Additionally, phenolic 
compounds, abundant in WV, can generate oxidative stress at elevated 
concentrations, compromising membrane integrity and impairing 
germination and early growth (Kumar et al., 2025). These phytotoxic 
effects necessitate rigorous concentration optimization for seed soaking 
applications. The present meta-analysis reveals taxon-specific optima: 

Fig. 6. Effects of foliar spraying frequency of wood vinegar on the yield effect value of monocots (A) and dicots (B) crops; effects of soil application frequency of 
wood vinegar on the yield effect value of dicots (C) crops. Significance in the regression model was indicated by p < 0.05.
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monocots require higher concentrations (0.5–1.0%) than dicots 
(0.1–0.5%) (Fig. 5). This divergence aligns with established patterns of 
hormonal tolerance, as monocots generally exhibit greater resilience to 
elevated concentrations of growth-regulating substances than dicots 
(Torra et al., 2024). Therefore, it's recommended to use seed-soaking 
concentrations of 0.5–1.0% for monocots and 0.1–0.5% for dicots to 
maximize germination without compromising subsequent seedling 
vigor. These results confirm that no single concentration works best for 
all crops. The germination-promoting effect of WV is entirely condi
tional on choosing the right dose for each plant type.

Concentration is also a core factor determining WV's impact on crop 
growth, development, and final yield (Ma et al., 2022a). Foliar WV 
application enhances crop productivity, but exclusively within defined 
concentration windows; exceeding these thresholds nullifies benefits or 
induces yield penalties (Fig. 5). Optimal concentrations improve 
photosynthetic efficiency, soluble carbohydrate accumulation, and 
nutrient acquisition, processes fundamental to biomass production and 
yield formation (He et al., 2025; Hur et al., 2025). Conversely, foliar 
spray of excessively high concentrations risks yield loss. Excessive acidic 
substances can directly damage leaf cell membranes, reduce chlorophyll 
content, induce stomatal closure, cause oxidative stress, and inhibit 
photosynthesis, leading to lower yields (Luo et al., 2019; Maliang et al., 
2025). Similar concentration effects were observed with soil application 
(Fig. 5). Adding WV at an optimal concentration can improve soil 
structure and microbial community composition, enhancing nutrient 
availability (Seo et al., 2015; Yuan et al., 2022). These improvements 

support boosting the yield (Zhou et al., 2021). Conversely, 
over-application acidifies soil, disrupts microbial equilibrium, and 
compromises root function.

Application frequency is a crucial yet often overlooked factor influ
encing the effectiveness of foliar WV, with optimal levels varying across 
crop types. Yield response correlated positively with application fre
quency in monocots but negatively in dicots (Fig. 6). This divergence 
reflects fundamental leaf architectural differences: monocot leaves are 
typically narrow, upright, and steeply inclined, promoting droplet 
runoff and reducing retention time. The upright leaf architecture of 
monocot significantly lowers spray retention compared with dicot, as 
the narrow, erect morphology minimizes vertical interception area and 
steep inclination frequently exceeds the critical retention angle, causing 
gravitational shedding shortly after impaction (Ferguson et al., 2015). 
Compounding this morphological limitation, monocot leaf surfaces are 
typically covered with epicuticular wax crystals that render them 
superhydrophobic, with contact angles exceeding 150◦, thereby pro
moting droplet bouncing and fragmentation upon impact rather than 
stable adhesion (Muhammad et al., 2020). In contrast, dicot leaves are 
broad, horizontally oriented, and possess superior liquid-holding ca
pacity, enabling efficient single-application absorption. Their horizontal 
presentation maximizes droplet interception probability, and the rela
tively lower contact angles facilitate droplet spreading and prolonged 
surface retention, thereby extending the window for cuticular penetra
tion (Ma et al., 2022b). Consequently, the inherently limited retention 
efficiency and shortened contact time of monocot leaves necessitate 

Fig. 7. Effects of foliar spraying (A and C) and soil application (B and D) of wood vinegar on the antioxidant and photosynthetic systems of crops. Solid dots in the 
figure indicate significant effects, while hollow dots indicate non-significant effects. Values are mean relative changes and error bars show the 95% CI. The number of 
observations for each indicator is presented on the left. Non-significant change is indicated by confidence intervals overlapping the reference line (p ≥ 0.05). * 
indicated p < 0.05, ** indicated p < 0.01， *** indicated p < 0.001. SOD, superoxide dismutase; POD, peroxidase; CAT, catalase; MDA, malondialdehyde; Pn, net 
photosynthetic rate; Tr, transpiration rate; Ci, intercellular CO2 concentration; Gs, stomatal conductance.
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multiple applications to achieve cumulative deposition equivalent to a 
single effective application on dicot foliage. Excessive frequency in di
cots risks cumulative phytotoxicity and tissue damage (Maliang et al., 
2025). In summary, precision agriculture approaches must integrate 
crop-specific concentration and frequency parameters. For monocots, 
we recommend low-concentration (< 0.5%), high-frequency foliar 
spray, potentially supplemented with surfactants to enhance retention. 
For dicots, moderate concentrations (0.1–0.5%) with minimal applica
tions are optimal. Soil application should employ limited additions 
(0.5–1.0%) to balance agronomic benefits with economic and environ
mental sustainability. When comparing the relative importance of these 
modulating factors, concentration emerged as the most pervasive driver. 
It determined whether the effect on germination, growth, and yield was 
positive, negative, or absent. Application method was equally critical for 
determining biomass allocation and the specific physiological pathway 
that was activated. Crop type further modulated the optimal concen
tration and frequency window but was less influential on its own. This 
comparison suggests that application protocols should first optimize 
concentration and then select the appropriate method based on the 
target crop and growth stage.

4.3. Feedstock type, pyrolysis temperature, raw WV properties, and soil 
characteristics modulate the yield-enhancing efficiency of WV

The agronomic effectiveness of WV depends on interactions among 
feedstock type, pyrolysis conditions, WV chemical characteristics, and 
soil environment. Our analysis reveals that feedstock type, pyrolysis 
temperature, and raw WV pH do not significantly influence seed 
germination responses (Fig. 3A). However, for foliar spray, pyrolysis 
temperature emerges as a critical quality determinant. Low-temperature 
(≤500 ◦C) WV significantly enhanced yield, whereas high-temperature 
(>500 ◦C) products significantly reduced productivity (Fig. 3B). This 

dichotomy reflects temperature-dependent compositional shifts. Low- 
temperature pyrolysis preserves bioactive small-molecule constituents, 
including organic acids, ketones, and phenolic compounds, that exhibit 
plant hormone-like activity, stimulating stomatal opening, enhancing 
chlorophyll biosynthesis, and improving photosynthetic efficiency (Wu 
et al., 2015; Kumar et al., 2025). Elevated pyrolysis temperatures, 
conversely, concentrate phenolic compounds to phytotoxic levels, 
inducing oxidative stress and cellular damage that compromise yield 
formation (Wu et al., 2015; Lu et al., 2019).

For soil applications, raw liquid pH is the primary predictor of effi
cacy. Low-pH (≤4) formulations significantly outperformed higher-pH 
alternatives (Fig. 3C), as pH inversely correlates with organic acid 
content, the predominant bioactive fraction in WV (Zhao et al., 2024a). 
These organic acids exert dual beneficial effects: they acidify the 
rhizosphere, mobilizing sparingly soluble mineral nutrients through 
chelation and protonation reactions, and serve as readily metabolizable 
carbon substrates that stimulate beneficial rhizosphere microbiota and 
promote growth-enhancing metabolite production (Yan et al., 2025). 
These findings establish clear selection criteria: 
low-temperature-derived WV should be prioritized for foliar spray, 
whereas low-pH formulations are optimal for soil incorporation.

Soil characteristics differentially modulate the performance of foliar 
versus soil application, revealing context-specific optimization oppor
tunities. Foliar spray efficacy exhibited pronounced dependence on soil 
nutrient status, with superior performance in high-fertility soils (TN >
2 g/kg, AP > 50 mg/kg, AK > 100 mg/kg, SOM > 12 g/kg), but 
remained insensitive to initial soil pH (Fig. 4A). This nutrient de
pendency reflects the physiological mechanism of foliar WV: enhanced 
transpiration rates and root metabolic activity increase nutrient acqui
sition capacity (Afsharipour et al., 2025; Hur et al., 2025), but the 
realization of yield benefits requires adequate nutrient availability to 
support accelerated growth (Fujioka et al., 2019).

Fig. 8. Relationships between crop growth, yield, and physiological indicators (A); Correlation analysis among effect values of plant height, biomass, and yield (B 
and C). * indicated p < 0.05, ** indicated p < 0.01， *** indicated p < 0.001. Significance in the regression model was indicated by p < 0.05. SOD, superoxide 
dismutase; POD, peroxidase; CAT, catalase; MDA, malondialdehyde; Pn, net photosynthetic rate; Tr, transpiration rate; Ci, intercellular CO2 concentration; Gs, 
stomatal conductance.
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Conversely, the effectiveness of soil application did not depend on 
available nutrient levels but was closely linked to soil pH, with the 
greatest benefits observed in neutral-to-alkaline soils (pH > 7) (Fig. 4B). 
The acidic properties of WV help raise pH in alkaline soils, improving 
chemical conditions for root growth and nutrient access (Zhang et al., 
2023). Simultaneously, WV-derived organic matter improves soil 
structural stability and microbial community composition, enhancing 
nutrient cycling and retention (Seo et al., 2015). We suggest using foliar 
spray in soils with higher nutrient levels to enhance crop nutrient up
take. In alkaline environments, soil application is recommended to 
amend the soil and provide a better growing environment for crops. In 
summary, the agronomic benefit of WV depends on the match between 
its own properties and the soil environment. The success of 
foliar-applied WV is highly conditional on pyrolysis temperature and 
soil nutrient status. The success of soil application depends on both the 
pH of the WV product and the soil pH.

4.4. WV promotes crop growth and yield by activating antioxidant 
enzymes and enhancing photosynthesis

WV application triggers coordinated physiological responses that 
support growth and yield. Our data highlight differences between gen
eral and conditional effects. The activation of antioxidant enzymes such 
as SOD and CAT is a common pathway for boosting yields, observed 
consistently across both application methods. However, WV’s 
enhancement of photosynthesis varies with the application method, 
indicating a context-specific mechanism. Our findings show that foliar 
spray notably increases SOD and CAT activities while reducing MDA 
content (Fig. 7A). Soil application mainly elevates SOD activity 
(Fig. 7B). Multiple studies confirm that exogenously applied acetic acid 
can serve as a signaling molecule, influencing proline metabolism and 
strengthening antioxidant defenses to promote crop growth (Rahman 
et al., 2021; Mahmud et al., 2023). Additionally, WV-derived phenolic 
compounds possess a potent reducing capacity, enabling direct chemical 
scavenging of ROS and mitigating oxidative damage (Dykes et al., 2005; 
Lizcano et al., 2010). For photosynthetic parameters, the two methods 
produced distinct response profiles. Foliar spray significantly increased 
total leaf chlorophyll content, Pn, Tr, Gs, and Ci (Fig. 7C). Soil appli
cation increased chlorophyll content but primarily enhanced Pn 
(Fig. 7D). These improvements arise from coordinated effects on ROS 
homeostasis and stomatal regulation. Foliar WV likely mitigates chlo
rophyll degradation by enhancing antioxidant-mediated ROS scav
enging, thereby preserving the integrity of photosynthetic pigments (Ma 
et al., 2022a). The bioactive small molecules in WV, including organic 
acids and phenolics, may function as hormone analogs, stimulating 
stomatal opening and enhancing CO2 diffusion and fixation efficiency 
(Kim et al., 2012). In contrast, soil application likely improves the 
rhizosphere environment by modulating soil pH and optimizing micro
bial community structure, thereby promoting root growth (Seo et al., 
2015; Zhao et al., 2024a). A robust root system secretes more cytoki
nins, which are transported via the xylem transpiration stream to the 
above-ground leaves, upregulating the expression and activity of key 
photosynthetic enzymes, enhancing carbon fixation capacity, and ulti
mately increasing the net photosynthetic rate (Gujjar et al., 2020; Zhao 
et al., 2024a; Zhao et al., 2024b).

Correlation analysis further clarified the physiological mechanisms 
underlying WV's yield enhancement. Crop growth indicators were 
significantly positively correlated with antioxidant enzyme activities 
and photosynthetic parameters, but not significantly with chlorophyll 
content (Fig. 8A). Increased antioxidant enzyme activity helps scavenge 
ROS within the crop, creating favorable conditions for growth (Deng 
et al., 2025b). In the absence of environmental stress, chlorophyll con
tent may have already reached the saturation point for light capture and 
is no longer the limiting factor for photosynthetic rate (Salesse-Smith 
et al., 2025). In this scenario, WV-mediated optimization of electron 
transport efficiency in the light reactions and of the activity of 

carbon-fixing enzymes in the dark reactions becomes the core driver of 
net photosynthetic rate and biomass accumulation. Thus, WV likely 
promotes growth by activating the antioxidant system to maintain a 
healthy state, while simultaneously enhancing stomatal conductance 
and carbon fixation efficiency, thereby synergistically boosting photo
synthetic productivity and increasing biomass accumulation.

Furthermore, crop yield was significantly positively correlated with 
net photosynthetic rate, transpiration rate, stomatal conductance, plant 
height, and biomass (Fig. 8). An efficient photosynthetic system pro
vides ample photosynthates, while sufficient biomass stores more dry 
matter, laying the material foundation for yield formation (Zhu et al., 
2025). This synergistic optimization of "source" and "sink," coupled 
with efficient photosynthate translocation mediated by transpiration 
rate, ultimately enhances crop yield (Fig. 9) (Kunrath et al., 2020; Pan 
et al., 2022).

4.5. Challenges and future perspectives

This meta-analysis, combining data from 94 separate studies, iden
tifies evidence-based strategies for applying WV across various agri
cultural settings and affirms its significant potential as a sustainable 
biostimulant, especially for industrial crops. These results offer practical 
guidance for farmers establishing precision WV use protocols. However, 
certain methodological and knowledge gaps need to be addressed, 
guiding future research efforts to unlock WV's full potential in crop 
production.

First, soil application effects of WV on monocots require systematic 
investigation. Current studies are insufficient to determine optimal 
concentrations and application frequencies for cereal crops. Future 
research should employ metabolomics, transcriptomics, and rhizosphere 
microbiome analysis to clarify how WV affects root development, 
nutrient uptake, and microbial community structure in monocot sys
tems. These mechanistic insights are essential for developing evidence- 
based application protocols for cereal production.

Secondly, assessing the long-term agronomic impacts of WV requires 
multi-year, multi-site field trials. While our meta-analysis covers yield 
studies, most rely on foliar sprays or soil applications. Conversely, seed 
treatment research seldom monitors beyond the seedling stage to assess 
final yields. This gap hampers our ability to connect early germination 
benefits with harvest results. Plants may compensate later, or increased 
vegetative growth might divert resources from reproductive parts, 
lowering harvest index. We suggest longitudinal studies that track the 
same plants from seed treatment through maturity, examining yield 
components, harvest index, and product quality in high-value crops like 
tobacco, rapeseed, and cotton. Such data are essential to confirm if 
early-stage advantages translate into meaningful yield improvements.

Third, standardizing the chemical composition of WV formulations is 
essential for reliable research and industry use. Many studies mention 
application rates but do not measure bioactive components such as 
organic acids, phenolics, and carbonyl compounds. Future efforts should 
utilize standardized analytical techniques like gas chromatography- 
mass spectrometry (GC-MS) and high-performance liquid chromatog
raphy (HPLC) to identify links between chemical makeup and agro
nomic results. This will improve quality control, ensure batch 
consistency, and support the development of formulations tailored to 
specific crops.

Fourth, exploring how WV interacts with other agricultural inputs 
like biochar, microbial inoculants, and mineral fertilizers is a crucial 
research area. While WV is often studied alone, its combined effects with 
these inputs are not well understood. It is uncertain whether such 
combinations result in additive, synergistic, or antagonistic impacts on 
crop growth and yield across various field conditions. Future studies 
should aim to identify the specific conditions that enhance or hinder 
WV's performance when used with these inputs and examine the 
mechanisms involved. Conducting field research in different soil types 
and cropping systems is essential to confirm laboratory findings and 
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develop practical guidelines for combined application. Understanding 
these interactions is vital for effectively integrating WV into current 
agricultural practices and optimizing its benefits.

Fifth, understanding the mechanisms by which WV can reduce 
abiotic stresses under climate change is crucial. Drought, salinity, and 
high temperatures increasingly threaten crop yields. Future research 
should explore the physiological and molecular basis of WV's stress 
tolerance, such as reactive oxygen species scavenging, osmolyte 
buildup, heat-shock protein production, and stomatal control. Particular 
focus should be on industrial crops grown in marginal lands, where WV- 
driven stress management could offer significant agronomic advantages.

Sixth, scaling up WV for industrial use requires comprehensive life- 
cycle assessments and techno-economic analyses of the entire produc
tion process, from biomass pyrolysis to its agricultural application. 
Future efforts must measure the carbon footprint, energy efficiency, and 
costs under various feedstocks and pyrolysis settings. Combining envi
ronmental and economic data with agronomic effectiveness will help 
determine WV’s cost-effectiveness, market viability, and policy frame
work needed to position WV as a sustainable industrial product within a 
circular bioeconomy.

Ultimately, future research should systematically investigate how 
genotype, environment, and management practices interact to create the 
conditional effects we observed. This effort is crucial for developing 
predictive guidelines and enhancing the practical utility of WV 
applications.

In conclusion, transforming WV from an experimental amendment 
into a standard agricultural input depends on coordinated, interdisci
plinary research across material science, soil biology, crop physiology, 
environmental economics, and industrial ecology. Making WV an 
effective, economically viable, and environmentally sustainable tool is 
crucial for building climate-resilient agricultural systems and securing 
crop production amidst environmental uncertainties.

5. Conclusion

This study offers a quantitative assessment of WV as a biostimulant 
affecting seed germination, physiological processes, and crop yield, 
synthesizing global data comprehensively. Our findings indicate that 
WV enhances germination in a concentration-dependent manner. 
Optimal soaking concentrations were 0.5–1.0% for monocots and 
0.1–0.5% for dicots, boosting germination rates by 31.5% and 25.6% 

respectively, without hindering seedling growth. Regarding yield, foliar 
sprays and soil applications increased crop productivity by an average of 
19.4% and 17.8%, with effects influenced by application method, crop 
type, and environmental factors. Monocots responded best to multiple 
foliar sprays at concentrations ≤0.5%, while dicots preferred fewer 
applications within the 0.25–0.5% range. For soil treatments, small 
doses at 0.5–1.0% yielded optimal results balancing cost and gains. WV 
produced at low pyrolysis temperatures (≤500 ◦C) was more effective as 
a foliar treatment, while low-pH (≤4) WV was better suited to soil 
application. Foliar spraying performed better in high-nutrient soils, 
whereas soil application was more effective in soils with pH > 7. Cor
relation analyses show WV boosts crop growth by activating leaf anti
oxidant enzymes and improving photosynthesis. Overall, this research 
demonstrates WV, derived from biomass, has significant unexploited 
potential to sustainably boost crop production, providing global data 
and practical parameters for precise application strategies across various 
crops and soil conditions.
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Fig. 9. Wood vinegar promotes crop growth and increases yield by activating antioxidant systems and enhancing photosynthesis. SOD, superoxide dismutase; POD, 
peroxidase; CAT, catalase; ROS, reactive oxygen species.
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