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Warming increases CO2 emissions 
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Abstract 

Biochar application is recognized as a promising strategy for enhancing soil carbon (C) sequestration, yet its influ-
ence on carbon dioxide (CO2) emissions under a warming climate remains inadequately understood. We conducted 
a global meta-analysis of 2079 paired observations from 32 peer-reviewed publications to quantify the responses 
of CO2 emissions in biochar-amended soils to warming and to identify their key drivers. Overall, warming increased 
CO2 emissions in biochar-amended soils by 77% on average, with a 117.5% increase in croplands and a 30.9% increase 
in forests. The effect was strongest for woody biochars, intermediate for crop-derived biochars, and weakest for grass-
derived biochars. Increases in CO2 emissions were positively associated with warming magnitude, biochar charac-
teristics, and soil properties. Warming magnitude was the dominant driver, followed by biochar application rate, soil 
C/N ratio, and biochar C/N ratio. The relative importance of these secondary drivers varies across cropland and forest 
ecosystems. These findings indicate that the climate mitigation potential of biochar may be overestimated if warm-
ing-induced C losses are ignored in biochar-amended cropland soil. To enhance the resilience of biochar applications, 
context-specific strategies should prioritize non-woody feedstocks, lower pyrolysis temperatures, and moderate appli-
cation rates, particularly in vulnerable cropland systems. It is necessary to integrate the warming effects into biochar 
life-cycle assessments and soil C management frameworks to ensure realistic projections of its role in climate mitiga-
tion and carbon sequestration, particularly in cropland ecosystems under warming conditions.

Highlights 

•	 Warming boosts CO2 emissions from biochar-amended soils by 77% on average, with a higher increase in crop-
lands than in forests.

•	 Warming magnitude is the top driver of emission changes, followed by biochar characteristics and soil proper-
ties.

•	 Woody biochars induce a stronger warming response than non-woody feedstocks.
•	 Biochar application needs to be optimized by integrating warming effects.
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Graphical Abstract

1  Introduction
Soil is a primary terrestrial carbon (C) pool, playing a 
critical role in regulating climate feedbacks (Georgiou 
et al. 2022). Significant fluctuations in soil respiration are 
early indicators of shifts in the global C cycle (Possinger 
et  al. 2025). Land ecosystems sequestrated an average 
of 1.3 Gt C y−1 in nonliving organic matter pools (Bar-
On et  al. 2025). However, both warming and C inputs 
accelerate soil organic carbon (SOC) decomposition, 
reinforcing a positive feedback between the soil C cycle 
and rising temperature (Lin et  al. 2023). A modest 10% 
change in the soil C pool would be equivalent to the total 
anthropogenic carbon dioxide (CO2) emissions over the 
past 30  years (Kirschbaum 2000). Therefore, quantify-
ing the response of soil CO2 emissions to warming under 
increased C inputs is critical for predicting the stability of 
the soil C reservoir under climate change.

Biochar is produced through the anaerobic pyrolysis 
of plant and animal residues (Antonangelo et al. 2025). 
It is a promising strategy to incorporate biochar into 
soil for raising SOC storage and indirectly removing 
atmospheric CO2 (Ghosh et al. 2025). Biochar applica-
tion improves soil health via physical structure opti-
mization, water and nutrient retention, and ecosystem 
resilience (Lin et  al. 2025b; Zhou et  al. 2026). Corn 
straw biochar reduces CO2 emissions by 15–17% in 
agricultural and forest soils (Mohan et  al. 2018; Zhou 
et  al. 2024). Woody biochar decreases CO2 emissions 
by 33% in a temperate Miscanthus plantation (Case 
et al. 2014). However, these studies did not account for 
warming effects, leading to a potential overestimation 
of biochar’s carbon sequestration potential in a chang-
ing climate (Bamminger et  al. 2017). Global warming 
is expected to intensify soil CO2 emissions in terres-
trial ecosystems (Chen et al. 2024; Hu et al. 2024). Soil 
heterotrophic respiration has already increased by 2% 

per decade, potentially rising 40% by 2100 under high-
emission scenarios (Nissan et  al. 2023). Tropical for-
est soils may lose over 13% of their C storage (65 Pg C) 
with a 4  °C temperature rise this century (Nottingham 
et al. 2020). Long-term field warming accelerated recal-
citrant SOC decomposition in temperate grasslands 
(Feng et  al. 2017). 1.5  years of experimental warm-
ing increased 38% of ecosystem respiration in high-
latitude tundra (Xue et  al. 2016). According to IPCC 
AR6, riparian zones were projected to have a 4–17% 
increase in CO2 emissions by 2100 (Cheng et al. 2025). 
A 2 °C warming increases cropland soil CO2 emissions 
by an average of 15% (Gao et al. 2022), highlighting the 
potential for a strong positive feedback between global 
warming and soil C pools.

Warming governed CO2 emissions from biochar-
treated soils. The warming effect was regulated by the 
feedstock type, pyrolysis temperature, application rate 
of biochar, and soil properties (Huang et al. 2022a; Jiang 
et al. 2025). The pyrolysis temperature of biochars stim-
ulates microbial activity and accelerate CO2 release in 
warmed soils due to higher preferential substrate utili-
zation (Yang et al. 2022). Warming increases soil CO2, 
CH4,  and N2O production rates by altering microbial 
community composition, enzymatic activities, and 
biochar–SOC interactions in a four-year spruce bio-
char-amended temperate forest soil (Cui et  al. 2021). 
A 2.5  °C soil warming increased total CO2 emissions 
by 28% under 2 years of 30  t  ha−1 Miscanthus biochar 
addition in cultivated temperate cropland soil (Bam-
minger et al. 2018). Similarly, 800 °C pyrolyzed bamboo 
biochar raises the relative abundance of recalcitrant soil 
C fractions and increases the temperature sensitivity of 
CO2 emissions by 17.7–19.3% in a temperate Populus 
nigra plantation soil (Chen et  al. 2023). The warming 
effects appear particularly pronounced in croplands, 
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where biochar is often applied to enhance productiv-
ity. Nevertheless, the overall response of CO2 emissions 
to warming remains poorly understood in biochar-
amended soils.

Progress toward generalization has been hindered by 
inconsistencies in experimental design, biochar types, 
and warming magnitudes. Most existing studies are 
site-specific, short-term, or confined to narrow ranges 
of soil types and climatic conditions. Moreover, the rela-
tive importance of soil properties versus biochar charac-
teristics in shaping CO2 responses to warming remains 
uncertain. Critically, few studies have synthesized data 
across ecosystems to quantify the risk of a warming-
induced positive feedback loop in biochar-amended 
soils. Despite extensive studies on biochar-induced soil 
carbon sequestration, there is a lack of comprehensive, 
cross-ecosystem analysis of CO2 emission feedback 
from biochar-amended soils under warming conditions 
(Huang et al. 2023). The relative importance of warming 
magnitude, biochar characteristics, and soil properties in 
regulating such feedback remains unclear, which is a crit-
ical gap for accurately evaluating the climate mitigation 
potential of biochar. To address this gap, we conducted a 
global meta-analysis to (1) quantify the impact of warm-
ing on CO2 emissions from biochar-amended soils across 
cropland and forest ecosystems, and (2) assess the rela-
tive importance of warming intensity, biochar character-
istics, and soil properties in regulating these responses.

2 � Materials and methods
2.1 � Data collection and inclusion criteria
The literature screening followed the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses 
(PRISMA) statement: (1) We searched peer-reviewed 
literature published up to October 28, 2025, in the Web 
of Science, Scopus, and CNKI databases, yielding 2261 
peer-reviewed articles; (2) Title and abstract screen-
ing excluded studies irrelevant to biochar–soil–warm-
ing interactions, leaving 187 articles; (3) Full-text review 
against the inclusion criteria excluded 155 articles; (4) 
A total of 32 articles were finally included, from which 
2079 paired observational data were extracted for each 
sampling date (Fig. S1). Keywords included “biochar OR 
black carbon OR charcoal”, “Q10 OR warming OR tem-
perature increase OR global change OR temperature sen-
sitivity OR climate change”, and “soil carbon OR carbon 
sequestration OR carbon storage OR carbon stock”. Stud-
ies were selected according to the criteria: (i) the study 
must include concurrent high temperature (treatment) 
and low temperature (control) settings for evaluating 
CO2 emissions, (ii) the experiment must be conducted 
on terrestrial soils (e.g., cropland, forest, or grass-
land), (iii) exact biochar application rates and pyrolysis 

temperatures must be clearly reported, (iv) key initial soil 
properties (e.g., pH, SOC) must be provided. Both labo-
ratory incubations and field warming experiments were 
included if they met the above criteria.

Data extracted included CO2 emission rates (mean, 
standard deviation, and replication number), biochar 
characteristics (feedstock origin, pyrolysis temperature, 
C/N ratio, application rate, and particle size), soil proper-
ties (SOC, TN, pH, and clay content), geographical coor-
dinates (latitude and longitude), and the experimental 
incubation duration for each observation. Graphical data 
were digitized using Getdata Graph Digitizer v2.4. In 
total, 2079 observational data points were screened out 
from 32 publications through a rigorous screening pro-
cess from an initial pool of 2261 peer-reviewed articles 
(Fig. 1, Table S1).

2.2 � Standardization and classification
Biochar application rates were standardized to a com-
mon unit (%) from the original values in tons per hectare, 
accounting for soil bulk density (BD) and application 
depth. If no BD has been reported, the default value was 
set as 1.5 t  m−3 for sandy soil, 1.4 t  m−3 for sandy loam 
soil, 1.2 t m−3 for loam soil, 1.1 t m−3 for clay soil, and 0.8 
t  m−3 for organic-rich soil from peer-reviewed reports. 
Biochar feedstock was classified into woody materi-
als from thinning or pruning operations, crop residues 
(maize, rice, wheat, and mushrooms), and grass (Mis-
canthus giganteus or Ageratum hirta). Biochar particle 
size was categorized into > 1 mm and < 1 mm.

2.3 � Statistical analyses
The warming effect on CO2 emissions was assessed using 
the natural log of the response ratio (RR) in biochar-
amended soils (Zhang et  al. 2020). This metric was cal-
culated as ln (Xt/Xc), where Xt and Xc denote the means 
of the higher (treatment group) and lower (control 
group) temperature datasets, respectively (Hedges et  al. 
1999). To enhance interpretability, the RR was further 
transformed into a percentage change using the formula 
(eRR−1) × 100% (Dong et  al. 2021). The variance of the 
response ratio was computed following established statis-
tical procedures, considering the standard deviations and 
sample sizes of both the treatment and control groups. If 
no standard deviation (SD) was reported, we used 1/10 
of the mean value as the SD (Dong et al. 2024; Liu et al. 
2013), which is a widely accepted method for imputing 
missing SD values in meta-analyses. If only the standard 
error was reported, the standard deviation was calcu-
lated using the formula SD = SE × 

√

n (Zhang et al. 2020). 
To address the non-independence of multiple observa-
tions from a single study, the mean effect size was esti-
mated using the random-effects model, with weighting 
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factors calculated based on the within-study variance 
and between-study variance (Dong et al. 2025; Koricheva 
et al. 2013), and the latter was determined via restricted 
maximum likelihood estimation for continuous data 
(Veroniki et al. 2016). The confidence interval (95%) was 
derived from 999 bootstrap iterations (Huo et al. 2017).

Publication bias was evaluated using Rosenthal’s fail-
safe number and the trim-and-fill method (Duval and 
Tweedie 2000; Rosenthal 1979). A weighted random for-
est model was used to identify the relative importance 
of various variables in influencing the warming effect 
(Han and Zhu 2020; Terrer et al. 2019). All analyses were 
performed in R (version 4.3.3), with the "metafor" for 
meta-analysis and "randomForest" packages to ensure 
the robustness and reliability of the results (Viechtbauer 
2010).

3 � Results
3.1 � Warming effect on CO2 emissions
Warming increased CO2 emissions from biochar-
amended soils across all ecosystems, with a mean effect 
size of 77.0% (95% CI: 73.3–80.4%, p < 0.001; Fig. 2). The 
warming effect varied across land uses, with croplands 
showing a 117.5% increase (95% CI: 111.5–123.9%)—
3.8-fold higher than forests (30.9%, 95% CI: 26.1–35.7%; 
Fig.  2).  The distinct warming effects indicate that land 
use-specific biochar application should be considered 
in soil carbon management practice. Woody biochar-
amended soils showed a stronger warming response 
compared to crops or grass-derived biochar-amended 
soils in all ecosystems (Fig.  2). Biochar with smaller 

Fig. 1  Global distribution of soil sampling sites (n = 33)

Fig. 2  The average effect size percent change of warming on CO2 
emission after biochar amendment. The error bars represent 
95% confidence intervals. If the 95% CIs do not overlap zero, 
the warming effects are considered significant at p < 0.05. The 
numbers in parentheses indicate sample sizes of observations. QM: 
heterogeneity in group cumulative effect sizes. RR, average effect 
size percent change (the formula (eRR−1) × 100% was used to convert 
the average effect size into a percentage change)
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particles induced a larger increase in the warming effect 
compared to larger particles (Fig. 2).

3.2 � Impacts of biochar characteristics on the warming 
effects

Biochar characteristics such as pyrolysis temperature, 
biochar C/N, and application rate modulated the warm-
ing-induced CO2 emissions. Specifically, the warming 
effect was positively correlated with pyrolysis tempera-
ture and the application rate of biochar in both crop-
land and forest soils (Fig.  3a–c, g–i, Table  1). However, 
the warming-induced change in CO2 emissions was 
positively correlated with the C/N ratio of biochar in 

croplands (Fig. 3e), while decreasing with the C/N ratio 
of biochar in forest soils (Fig. 3f ).

3.3 � Impacts of soil properties on the warming effects
The warming effect on CO2 emissions increased with 
SOC, TN, soil C/N ratio, pH, and clay content across all 
ecosystems (Fig. 4a, d, g, j, m). In croplands, the warm-
ing effect was positively related to SOC, TN, pH, and clay 
content (Fig. 4b, e, k, n), yet had no relationship with soil 
C/N ratio (Fig. 4h, Table 1). In forest soils, the warming 
effect increased with soil C/N ratio, pH, and clay content, 
while not varying with SOC and TN (Fig. 4i, l, o, Table 1).

Fig. 3  Relationships between the warming effect on CO2 emission and biochar characteristics. The size of symbols (squares, triangles, circles) 
denotes the weight of the observation used in the meta-regression quantified as the inverse of the square root of the within-study variance, 
with larger sizes indicating greater weights. Biochar C/N, biochar carbon-to-nitrogen ratio
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Fig. 4  Relationships between the warming effect on CO2 emission and soil properties in biochar-amended soil. The size of symbols (squares, 
triangles, circles) denotes the weight of the observation used in the meta-regression quantified as the inverse of the square root of the within-study 
variance, with larger sizes indicating greater weights. SOC, soil organic carbon content; TN, soil total nitrogen content; soil C/N, soil 
carbon-to-nitrogen ratio
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3.4 � Impacts of warming magnitude on the warming 
effects

The experimental warming magnitude (∆T, temperature 
difference, the absolute temperature change) increased 
the warming effect on CO2 emission across all ecosys-
tems (Fig. 5a–c, Table 1). The CO2 emission in croplands 
responded much faster to warming than in forests with a 
greater slope (Fig. 5b, c). Experimental duration did not 
influence the warming effect on CO2 emissions across all 
observations (Fig. S2).

3.5 � Variables importance of key influencing factors
Warming magnitude was the most important predic-
tor of the warming effect on CO2 emissions, surpassing 
both soil properties and biochar characteristics across 

all ecosystems (Fig.  6). Specifically, the relative impor-
tance of the variables was ∆T > biochar application rate >  
biochar C/N > clay > pyrolysis temperature > soil pH > 
SOC in croplands (Fig. 6b), and ∆T > biochar application 
rate > soil C/N > SOC > pyrolysis temperature > biochar 
C/N in forests (Fig. 6c). Notably, the relative importance 
of biochar C/N is more critical in regulating the warming 
effect in croplands than in forest, while soil C/N plays a 
more dominant role in forests than in croplands (Fig. 6b, c).

3.6 � Publication bias
The fail-safe number for the warming effect (represented 
as RR) was 142,911,954 (Table S2), indicating the statis-
tical robustness of this result. The trim-and-fill model 
analysis indicated that the results remained robust 

Fig. 5  Relationships between the warming effect on CO2 emission and warming magnitude in biochar-amended soil. The size of symbols (squares, 
triangles, circles) denotes the weight of the observation used in the meta-regression quantified as the inverse of the square root of the within-study 
variance, with larger sizes indicating greater weights. ΔT, the absolute temperature change

Fig. 6  Importance of variables regulating the warming effect in biochar-amended soils. The larger SHAP values indicate a higher relative 
importance of the variables in governing the warming effect on CO2 emission. SHAP, shapley additive explanations; ΔT, the absolute temperature 
change; pH, soil pH; Rate, biochar addition rate (%); SOC, soil organic carbon content; TN, soil total nitrogen content; C/N (s), soil carbon-to-nitrogen 
ratio; Clay, soil clay content (%); PT, pyrolysis temperature (°C); C/N (b), biochar carbon-to-nitrogen ratio; Size, biochar particle size
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against missing values of CO2 emission rates, thereby rul-
ing out the influence of publication bias (Table S2). Over-
all, these tests suggest that publication bias in the context 
of warming effects on CO2 emissions did not pose a sig-
nificant concern for this study.

4 � Discussion
4.1 � Warming effects on CO2 emissions
The temperature-induced CO2 loss can counteract the 
increased soil C sequestration from biochar application. 
Warming accelerated CO2 emission by 30.9–117.5% in 
biochar-amended soils across ecosystems (Fig.  2). A 
2.5 °C warming increased CO2 release by 28% in biochar-
free croplands over 2  years (Bamminger et  al. 2018). 
Warming shortened turnover times of both active and 
inert C pools, driving CO2 release under biochar amend-
ment in saline soils (Sun et al. 2016). Elevated tempera-
ture shifted microbial species richness, community 
structure, and enzymatic diversity, altering the substrate 
accessibility to microbes in biochar-amended soils (Jiang 
et al. 2021). Warming-sensitive microbial phylotypes may 
be activated under warming stress, accelerating SOC 
decomposition and CO2 emission (Oliverio et  al. 2017). 
Initially, microbes consume the labile fractions of fresh 
biochar and SOC. However, as temperature rises and 
biochar ages, fungi may increase their degradation of 
more inert C in biochar and soil, leading to higher CO2 
release despite the long-term stability of biochar in agri-
cultural soils (Bamminger et  al. 2016). The aromaticity 
and humification degree of dissolved organic matter may 
be responsible for the variability of the warming effect 
(Zhao et  al. 2023). Furthermore, the physicochemically 
protected SOC may be exposed to microbes with acceler-
ated biochar aging under warming (Schindlbacher et  al. 
2015; Zhang et al. 2022).

4.2 � Ecosystem‑specific responses to warming
The warming-induced increase in CO2 emissions was 
3.8 times higher in croplands than in forests under bio-
char amendment (Fig.  2). The vulnerability of SOC is 
great in agricultural soils compared with natural for-
est ecosystems (Nogués et  al. 2023). Warming acceler-
ates SOC turnover and long-term soil C losses (Deng 
et  al. 2016; Wei et  al. 2014). Agricultural management 
practices, e.g., tillage and irrigation, may destroy soil 
aggregates, weaken the physical protection of SOC, 
increase the microbial accessibility of SOC, and exacer-
bate the temperature sensitivity of SOC decomposition 
(Khan et al. 2023; Zhou et al. 2023). The warming effect 
is much greater in farmland soils than in forest soils at 
comparable pH values, as evidenced by steeper regres-
sion slopes (Fig. 4k–l). Considering a positive correlation 
between the warming effect and soil pH (Fig.  4j–l), soil 

acidification may buffer warming-induced CO2 emissions 
across ecosystems (Huang et al. 2022b). In addition to the 
physical protection effect, differences in substrate supply 
and microbial community structure are also key influenc-
ing factors (Abdalla et al. 2022). For instance, compared 
with the abundant recalcitrant lignin that dominates 
forest ecosystems, crop residues usually input a higher 
proportion of labile, readily decomposable carbon into 
soils (Bamel et al. 2025). Meanwhile, long-term and fre-
quent fertilization in farmland can also elevate the rela-
tive abundance of copiotrophic bacteria (Li et al. 2024a). 
These bacteria display an extremely sensitive response to 
readily decomposable substrates under warming condi-
tions, which further amplifies the temperature sensitivity 
of SOC decomposition (Su et al. 2023; Zheng et al. 2025). 
Thus, the expansion of agricultural land may exacerbate 
SOC loss and CO2 emissions under warming, aggravating 
climate change feedbacks. The strategies of reforestation 
and other land-based C capture should be prioritized to 
optimize C sequestration in biochar-amended soils.

4.3 � Impacts of biochar feedstock and pyrolysis 
temperature

Biochar characteristics regulate the warming effect on 
CO2 emissions in biochar-amended soils. The related 
characteristics are biochar C content, aromaticity, volatile 
matter, and levels of easily oxidized C, metals, and phe-
nolic substances, as well as surface properties (Cui et al. 
2021). Chemical recalcitrance is stronger in wood bio-
char-amended soils with higher lignin, and thus responds 
more strongly to warming compared to crop- or grass-
biochar amendment soils (Fig.  2). This finding supports 
the C quality–temperature hypothesis, which posits that 
more refractory components require higher activation 
energy and therefore have greater temperature sensitivity 
than labile components (Bird et  al. 1999; Murtaza et  al. 
2024). When coexisting with such chemically resistant 
woody biochar, microbes may preferentially decompose 
native SOC under warming conditions, consistent with 
the preferential substrate utilization hypothesis (Lin et al. 
2025a). Thus, the decomposability of biochar and its 
aging extent relative to SOC play a central role in micro-
bial C utilization preferences.

The biochar characteristics are further modulated by 
pyrolysis temperature, biochar pH, mineral nutrients, and 
physical structure, particularly C components. The effect 
size of warming on CO2 emissions increases with bio-
char pyrolysis temperature (Fig. 3a–c). High-temperature 
pyrolysis increases aromatic C sequestration and chemi-
cal stability (Saffari et  al. 2020), but reduces structural 
stability of biochar (Crombie et al. 2015; Shrivastava et al. 
2021; Suliman et al. 2016). In contrast, low-temperature 
pyrolysis retains more non-pyrolyzed organic residues 
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and nutrients, such as low-molecular-weight volatiles in 
biochar (Murtaza et al. 2024; Wang et al. 2017; Zhu et al. 
2017). Microbial response to biochar is highly dependent 
on pyrolysis temperatures and warming intensity (Huang 
et al. 2023). Therefore, adopting moderate or lower pyrol-
ysis temperatures may help mitigate warming-induced 
CO2 release while preserving biochar’s soil improvement 
functions.

4.4 � Impacts of particle size and application rate
Particle size shapes warming-induced CO2 release from 
biochar-amended soils. Smaller particles create stronger 
responses due to larger surface area (Fig. 2), which offers 
more sites for microbial colonization (de  Jesus Duarte 
et al. 2019; Jaafar et al. 2015). Increased exposure of reac-
tive sites accelerates substrate hydrolysis and C minerali-
zation (Meena et al. 2023). Smaller biochar particles act 
as more efficient “hotspots” to promote greater microbial 
growth and CO2 production due to enhanced micro-
bial access to both the biochar-associated C and SOC 
(Ameloot et al. 2013). Thus, the combination of increased 
specific surface area and enzymatic action is a key driver 
of the stronger warming-induced CO2 emissions from 
biochar-amended soils.

Smaller-sized biochar can release more alkaline ions 
and increase soil pH (Sarfraz et  al. 2020), and further 
promote CO2 release under warming (Fig. 4j–l). Elevated 
alkalinity favors fungi growth, enabling decomposition 
of more recalcitrant SOC fractions (Qin et  al. 2019). 
Fine-sized biochar (< 0.05 mm) increased CO2 emissions 
by raising soil pH and fungi/bacteria (F/B) ratio (Chen 
et al. 2017). As soil pH increased, the relative abundance 
and diversity of bacteria and fungi disproportionally 
increased. Temperature sensitivity of SOC decomposi-
tion increased with an increase in the F/B ratio and acti-
vation energy (Ea) needed (Briones et al. 2014; Qin et al. 
2019). The Ea required for more recalcitrant or aged 
biochar-C decomposition increased exponentially at a 
high biochar application rate (Chen et al. 2019; Davidson 
and Janssens 2006; Luetzow and Koegel-Knabner 2009). 
Higher-straw biochar application rate induced stronger 
warming effects on CO2 emission in cropland soils (Chen 
et al. 2019).

4.5 � Dominant role of warming magnitude
The warming magnitude (∆T) is the dominant driver 
of the warming effect of CO2 emissions in biochar-
amended soils. The intrinsic microbial temperature 
sensitivity is a key determinant of soil organic carbon 
decomposition rates (Niu et  al. 2024). The warming 
effect increased with the ∆T (Fig.  5). Warming alters 
organic matter composition and reduces the propor-
tion of cold-preferring bacteria, resulting in an increase 

in carbohydrates and soil carbon losses (Li et al. 2024b). 
Microbial activity is intrinsically temperature-sensitive 
without acclimation to warming over weeks or decades, 
and intrinsic microbial temperature sensitivity together 
with substrate depletion dictates the temporary soil 
carbon loss induced by warming by regulating micro-
bial biomass (Walker et al. 2018). Besides, ∆T was gen-
erally applied with greater methodological uniformity 
in short-term controlled experiments or long-term field 
warming. The robust gradients created by experimen-
tal warming across studies may amplify the influence of 
∆T on CO2 release.

4.6 � Strategies to mitigate the warming effect
A smart application of biochar in combination with 
conservation agriculture practices can further stabilize 
soil C under climate warming. First, produce biochar at 
lower pyrolysis temperatures to reduce its reactivity and 
minimize the warming response of CO2 release. Second, 
apply biochar at optimized rates to avoid overstimulating 
microbial activity. Third, utilize non-woody feedstocks 
(e.g., crop residues or grasses) to achieve a lower warm-
ing response. Fourth, to ensure effective carbon seques-
tration, stricter management practices are required in 
farmland ecosystems, such as optimizing the physico-
chemical properties of biochar. Importantly, site-specific 
guidelines need to be developed based on land use, soil 
type, and climate context. Finally, it will be critical to 
advance continued ongoing monitoring and soil–bio-
char–climate interaction models for refining sustainable 
biochar management strategies.

4.7 � Data limitations
The data coverage is sparse in tropical and polar ecosys-
tems, arid and semi-arid zones, and high-latitude tundra, 
although SOC decomposition may be highly sensitive to 
warming in these ecosystems. Further, the observations 
are predominantly concentrated in temperate regions of 
China and Europe, and such spatial sampling imbalance 
may reduce the universality and external validity of the 
research conclusions. Besides, data from highly acidic 
or saline soils are still lacking. These gaps limit the gen-
eralizability of our findings and highlight the need for 
expanded research across diverse biomes, regions, and 
soil conditions. Besides, most observations are from 
laboratory studies, and the magnitudes of experimental 
warming are usually extreme (> 20 °C), which is quite dif-
ferent from real conditions. Thus, future research should 
focus on field warming experiments with reasonable tem-
perature gradients to further assess the responses of CO2 
emissions from biochar-amended soils to warming.
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5 � Conclusion
Warming increases CO2 emissions from biochar-
amended soils governed by warming intensity, biochar 
characteristics, and soil properties. Notably, croplands 
have stronger warming responses than forests. The 
warming effect increases with higher biochar pyrolysis 
temperature, application rate, and soil properties such 
as SOC, TN, soil C/N ratio, soil pH, and clay content. 
Warming intensity is the most critical regulator, under-
scoring the importance of incorporating global warming 
projections into life-cycle assessments of biochar pro-
jects. The climate mitigation potential of biochar may be 
overestimated if the warming effects are not considered. 
To strengthen the role of biochar in climate resilience, 
context-specific guidelines should be applied, such as 
favoring non-woody feedstocks, lower pyrolysis tempera-
tures, moderate application rates, and tailored manage-
ment in croplands where risks are greatest. Such targeted 
strategies will ensure that biochar use aligns with pro-
jected warming impacts, increasing its effectiveness 
as a tool for sustainable soil management and climate 
mitigation.
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