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Abstract 

Mediterranean agriculture is increasingly constrained by climate change–driven stresses, including rising tempera-
tures, intensified drought, and soil organic matter depletion, all of which threaten crop health and yield stability. 
Carbon farming has emerged as a strategy to integrate climate mitigation with agricultural resilience, and biochar rep-
resents a distinctive tool within this framework due to its capacity for long-term carbon sequestration and soil modifi-
cation. This review synthesizes peer-reviewed studies published between 1999 and 2025 to assess the role of biochar 
in Mediterranean agroecosystems, with a specific focus on crop health outcomes. Across Mediterranean systems, 
biochar consistently increases soil organic carbon stocks through the addition of recalcitrant carbon forms and gen-
erally reduces nitrous oxide emissions while carbon dioxide emissions remain neutral. However, methane emissions 
may increase under warm and moist conditions, highlighting the importance of comprehensive greenhouse gas 
accounting. Biochar improves crop performance primarily when it alleviates limiting soil constraints, particularly 
in degraded or coarse-textured soils, under water-limited or saline conditions, and in perennial cropping systems. 
Long-term benefits are most evident in tree crops and vineyards, and legumes often show positive responses linked 
to enhanced nutrient availability and rhizosphere functioning. In contrast, cereal and leafy vegetable crops exhibit 
more variable responses, including neutral or negative effects under non-limiting conditions. Overall, biochar is most 
effective when applied selectively at moderate rates (approximately 10–30 Mg ha⁻1) and integrated with complemen-
tary climate-smart practices. Future research should prioritize long-term, crop-centered assessments and methane 
mitigation strategies to support context-specific biochar deployment in Mediterranean agriculture.
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Introduction
Nowadays, agroecosystems in the Mediterranean area 
are considered a climate change area subjected to deser-
tification processes [1] and are facing multiple envi-
ronmental challenges, including global warming [2], 
biodiversity loss [3], soil erosion [4, 5], and population 
growth [6]. Projected temperature increases of approxi-
mately 0.45 °C per decade, coupled with declining precip-
itation and intensifying drought events, are accelerating 
soil degradation processes that threaten the viability of 
traditional farming systems across the region [7]. Agri-
cultural soils under Mediterranean agroecosystems are 
generally characterized by low organic matter content, 
high carbonate levels, and susceptibility to erosion; fur-
thermore, they are experiencing further deterioration 
through intensive cultivation, leading to reduced fertility, 
diminished water-holding capacity, and increased vulner-
ability to desertification [4, 5, 8]. Simultaneously, Medi-
terranean agriculture must meet growing food demands 
from expanding populations while reducing its environ-
mental footprint, particularly greenhouse gas (GHG) 
emissions that contribute to the climate crisis [6]. The 
need to maintain productivity while enhancing environ-
mental sustainability requires innovative and sustain-
able approaches that can simultaneously address climate 
change mitigation, ecosystem restoration, and agricul-
tural resilience.

Recently, carbon farming has emerged as a strategic 
approach to harmonize the need for food demands by 
developing agricultural practices that actively remove 
atmospheric carbon dioxide and store it in agroecosys-
tems while improving ecosystem functions [9]. The con-
cept encompasses diverse management interventions, 
including (1) conservation tillage that minimizes soil 
disturbance, cover cropping that maintains living roots; 
(2) agroforestry systems that integrate trees with crops, 
optimized nutrient management that reduces fertilizer-
related emissions, and (3) the application of stabilized 
organic amendments such as compost and biochar [8]. 
These agronomical practices operate by means of com-
plementary mechanisms that act for enhancing bio-
logical carbon inputs through increased photosynthesis 
and biomass production [10], reducing carbon losses 
by protecting existing soil organic matter (SOM) from 
decomposition [11], and introducing recalcitrant car-
bon forms that resist degradation over time [12]. Under 
this context, biochar application represents a promising 
strategy for Mediterranean agroecosystems due to its 
characteristics that address multiple challenges simul-
taneously. Biochar is produced through the pyrolysis 
process that causes a thermal decomposition of organic 
materials under oxygen-limited conditions. By means 
of pyrolysis, several feedstocks, including agricultural 

residues, forestry waste, and animal manure, are con-
verted into a stable, carbon-rich material [11, 12]. 
Pyrolysis occurs in a low-oxygen environment at a high 
temperature and can be classified into slow pyroly-
sis, fast pyrolysis, and gasification, depending on pro-
cessing conditions such as temperature that can range 
from 300  °C to 1000  °C [12]. The pyrolysis process 
operates across different temperature ranges and resi-
dence times, creating biochar characterized by different 
physicochemical properties tailored to specific applica-
tions [13]. This production pathway aligns with circu-
lar economy principles by transforming waste streams 
into valuable agricultural inputs while simultaneously 
sequestering atmospheric carbon in a stable structure 
[14, 15]. Due to its characteristics, biochar differs from 
conventional organic amendments as stable material; 
indeed, organic amendments, after their application, 
are subjected to microorganisms’ actions that decom-
pose the organic substances gradually into minerals; 
conversely, the carbon content in biochar persists in 
soils, offering an efficient atmospheric carbon removal 
rather than temporary storage [16].

The mechanistic basis for biochar’s multifunctional 
role in climate-smart Mediterranean agriculture affects 
the chemical, physical, and microbiological processes 
[17], enhancing soil fertility [18] and crop productivity 
[19]. Indeed, biochar porous architecture can enhance 
soil structure, reduce bulk density, and improve water-
holding capacity, particularly relevant in Mediterranean 
agroenvironmental conditions where water availability 
is limited [20]. In addition, it is well known that biochar 
can increase soil pH, cation exchange capacity (CEC), 
and reduce nutrient leaching by adsorbing key ions such 
as ammonium, nitrate, and phosphate [21]. Additionally, 
biochar mitigates ammonia volatilization by absorbing 
ammonium/ammonia [21] and enhances nitrification 
processes [22]. Biochar also provides habitat for benefi-
cial microorganisms, and it has been observed to have a 
capacity to suppress certain soil-borne pathogens and 
may enhance mycorrhizal associations that improve plant 
nutrient acquisition [23, 24]. By modifying soil nutrient 
cycles, biochar ultimately improves crop production [25]. 
Moreover, biochar enhances crop resilience to biotic and 
abiotic stresses, thereby improving overall productivity 
[26]. Beyond these soil improvements, biochar applica-
tion contributes directly to climate change mitigation 
by transferring atmospheric carbon into long-term ter-
restrial storage while potentially reducing emissions 
of nitrous oxide and methane from agricultural soils, 
although effects on these trace gases has shown to be 
considerably context dependent [27, 28]. Based on these 
characteristics, biochar represents an innovative solution 
for enhancing the sustainability of agroecosystems due to 
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its potential to convert agricultural waste in an efficient 
soil amendment [29].

Despite these benefits, the practical implementa-
tion of biochar application in agroecosystems in the 
Mediterranean area remains constrained, inadequately 
characterized, and poorly understood [30]. The Medi-
terranean region presents unique environmental con-
ditions—specifically, hot, dry summers coupled with 
mild, wet winters—that distinguish it from temperate, 
tropical, or continental zones, where a lot of biochar 
research has been conducted [31]. The existing litera-
ture on biochar in Mediterranean agriculture presents 
a fragmented and sometimes contradictory picture. 
While numerous Mediterranean studies document 
beneficial effects on crop yields, soil carbon accumu-
lation, and water-use efficiency across diverse sys-
tems, including cereals, vegetables, and tree crops, 
others report negligible impacts or even adverse out-
comes, such as reduced plant growth in certain species, 
increased methane emissions under specific soil mois-
ture regimes, nutrient immobilization in particular soil 
types, and negative effects on beneficial soil fauna [32–
34]. However, previous reviews have not systematically 
examined how these factors operate specifically within 
Mediterranean contexts, nor have they provided clear 
guidance on when and how biochar should be applied 

in the Mediterranean area. Carbon credit markets, 
potentially crucial financing mechanisms for biochar 
implementation, remain uncertain across Mediter-
ranean countries, with pricing trajectories difficult to 
monitor and inconsistent policy support frameworks 
[35]. This implementation gap between research evi-
dence and agricultural practice represents a critical 
barrier to realizing biochar’s potential contribution to 
climate-smart Mediterranean agriculture.

Recent brief bibliographic research on the main top-
ics related to carbon farming in the Mediterranean basin 
demonstrated an increment of scientific researchers’ 
interest in applying biochar as a climate-smart strategy 
(Table  1) [36–45]. However, this knowledge should be 
elucidated to farmers, who are the real actors in the Med-
iterranean farms.

This review addresses these critical gaps by providing 
the first comprehensive synthesis of biochar research 
specifically within the Mediterranean carbon farming 
context. The main aims are to (1) synthesize evidence on 
biochar’s contribution to climate change mitigation in 
Mediterranean conditions, including carbon sequestra-
tion rates, long-term stability, and GHG emission dynam-
ics (carbon dioxide, nitrous oxide, methane); (2) evaluate 
biochar effects on physical, chemical, and biological soil 
properties across the Mediterranean area; and (3) assess 

Table 1  Top 10 highly cited papers presenting results of experiments based on biochar in the Mediterranean region published from 
1999 to 2026, present in the database of Scopus.*

* Data access till 26 January 2026

No Ref Title Source name No. of 
references 
cited

1 Graber et al. [36] Biochar impact on development and productivity of pepper 
and tomato grown in fertigated soilless media

Plant and Soil 716

2 Angın [37] Effect of pyrolysis temperature and heating rate on biochar 
obtained from pyrolysis of safflower seed press cake

Bioresource Technology 660

3 Agrafioti et al. [38] Biochar production by sewage sludge pyrolysis Journal of Analytical and Applied Pyrolysis 587

4 Pallarés et al. [39] Production and characterization of activated carbon from barley 
straw by physical activation with carbon dioxide and steam

Biomass and Bioenergy 523

5 Fellet et al. [40] Application of biochar on mine tailings: effects and perspectives 
for land reclamation

Chemosphere 462

6 Méndez et al. [41] Effects of sewage sludge biochar on plant metal availability 
after application to a Mediterranean soil

Chemosphere 450

7 Özçimen 
and Ersoy-
Meriçboyu [42]

Characterization of biochar and bio-oil samples obtained from car-
bonization of various biomass materials

Renewable Energy 426

8 Agrafioti et al. [43] Arsenic and chromium removal from water using biochars derived 
from rice husk, organic solid wastes and sewage sludge

Journal of Environmental Management 416

9 Vaccari et al. [44] Biochar as a strategy to sequester carbon and increase yield 
in durum wheat

European Journal of Agronomy 388

10 Kolton et al. [45] Impact of biochar application to soil on the root-associated bacte-
rial community structure of fully developed greenhouse pepper 
plants

Applied and Environmental Microbiology 363
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crop productivity and physiological responses to biochar 
application in Mediterranean agricultural systems.

Literature analysis: methodology
The Scopus database was used to collect peer-reviewed 
articles on biochar research conducted in the Medi-
terranean region. The literature analysis covered the 
period from 1999 to 2025 and considered publication 
year, citation count, country, and application area. The 
search query was performed in Scopus using TITLE-
ABS-KEY (“biochar”) and was limited to peer-reviewed 
articles published in English. This initial search yielded 
more than 50,000 documents. The results were subse-
quently refined by restricting the subject area using the 
keywords “carbon farming” and “Mediterranean basin.” 
After further filtering to include only peer-reviewed jour-
nal articles, a total of 112 publications were retained for 
analysis. The dataset was exported to a CSV file format 
and used as input for bibliometric analysis. VOSviewer 
software [46] was employed to construct and visual-
ize bibliographic networks. Given the diversity of study 
designs and objectives, this work adopts a structured nar-
rative review approach rather than a formal systematic 
review. The aim is to provide a comprehensive and inte-
grative synthesis of current knowledge while identifying 
key trends and research gaps. Table 1 [36–45] presents a 
selection of highly cited studies as illustrative examples of 
influential contributions in the field rather than a system-
atic subset of the reviewed literature.

Biochar in mediterranean carbon farming: 
implications for crop health and climate mitigation
Carbon farming strategies aim to reconcile climate 
change mitigation with sustained crop productivity by 
enhancing carbon sequestration while reducing GHG 
emissions from agricultural systems. In Mediterranean 
agroecosystems, where soils are often characterized by 
low organic matter, high carbonate content, and strong 
seasonal moisture variability, biochar has emerged as 
a potentially valuable carbon farming tool [8, 19, 47]. 
Unlike conventional organic amendments, biochar intro-
duces a highly stable form of carbon that persists in soils 
over long timescales while simultaneously influencing 
soil processes relevant to crop health and productivity 
[11, 47].

Soil carbon sequestration under Mediterranean conditions
Biochar contributes directly to soil carbon sequestra-
tion through the addition of recalcitrant pyrogenic 
carbon that resists microbial decomposition, with esti-
mated mean residence times ranging from several cen-
turies to over a millennium, depending on feedstock 

and pyrolysis conditions [13, 48]. Recent meta-analysis 
evidence indicates that biochar application increases 
soil organic carbon (SOC) stocks by an average of 
approximately 39% at the global scale [8]. Under Medi-
terranean conditions, available field studies confirm 
consistent SOC accumulation following biochar appli-
cation, although reported increases vary depending on 
soil texture, climatic conditions, and biochar charac-
teristics, reflecting the strong context dependency of 
carbon sequestration processes in the region. Medi-
terranean field studies confirm that biochar-derived 
carbon remains stable under conditions of elevated 
temperature and pronounced wet–dry cycles. Gian-
netta et  al. [27] demonstrated that biochar-induced 
increases in SOC pools were not significantly altered 
by simulated climate change scenarios, suggesting 
resilience of biochar carbon stocks under future Medi-
terranean climates (Fig.  1). In addition to direct car-
bon inputs, biochar can stabilize native SOM through 
negative priming effects, reducing the mineralization 
rate of existing SOC [49].

As reported in Fig. 1, biochar plays an important role 
in enhancing soil carbon stabilization and long-term 
carbon storage through multiple interacting pathways. 
This mechanism appears particularly relevant in Medi-
terranean soils, where rapid organic matter turnover is 
promoted by high temperatures and long dry periods 
[50]. In addition, biochar properties vary substantially 
depending on feedstock type and pyrolysis conditions, 
particularly temperature. Higher pyrolysis tempera-
tures (e.g., ≥ 600–700  °C) generally produce biochar 
characterized by increased aromaticity, greater struc-
tural stability, higher pH, and larger specific surface 
area, whereas lower temperatures (e.g., 300–400  °C) 
result in biochar with a higher content of labile organic 
compounds and oxygen-containing functional groups, 
which can enhance short-term nutrient availability and 
CEC. Feedstock type further influences biochar prop-
erties: manure-derived biochar typically exhibits higher 
nutrient content and ash fractions, whereas lignocel-
lulosic feedstocks produce biochar with higher carbon 
stability and porosity [13, 51]. Despite these well-estab-
lished differences, many studies conducted under 
Mediterranean conditions do not systematically dis-
tinguish among biochar types when evaluating soil and 
crop responses. This lack of standardization contrib-
utes to the variability observed in experimental results 
and limits the comparability of findings across studies. 
However, highly stable biochar may exhibit reduced 
short-term effects on soil fertility and crop perfor-
mance, indicating a trade-off between long-term car-
bon sequestration and immediate agronomic benefits.
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GHG emissions
Beyond carbon storage, biochar influences soil GHG 
fluxes, particularly carbon dioxide and nitrous oxide, 
which are directly linked to nitrogen cycling and soil res-
piration. Field experiments in Mediterranean agroecosys-
tems generally report neutral or reduced carbon dioxide 
emissions following biochar application, indicating that 
biochar carbon is not rapidly mineralized [52, 53]. This 
finding supports the classification of biochar as a genuine 
carbon dioxide removal strategy rather than a temporary 
carbon storage mechanism. Biochar has demonstrated a 
consistent capacity to reduce nitrous oxide emissions in 
Mediterranean agricultural soils, with reported reduc-
tions ranging from 30 to 70% relative to unamended 
controls [28, 54]. The underlying mechanisms include 
adsorption of ammonium and nitrate ions, which reduces 
substrate availability for nitrification and denitrification, 
as well as improved soil aeration that limits anaerobic 
microsites where denitrification occurs [21, 22, 55]. Med-
iterranean studies highlight that nitrous oxide mitigation 
is particularly pronounced when biochar is combined 
with organic fertilizers or digestates, as biochar stabilizes 
labile carbon inputs that would otherwise stimulate rapid 
microbial activity and nitrous oxide production [54, 55]. 
These findings suggest that integrated nutrient manage-
ment strategies enhance both the climate and crop health 
benefits of biochar.

In contrast to the generally positive effects on carbon 
dioxide and nitrous oxide, biochar effects on methane 
emissions in Mediterranean agroecosystems are more 
complex and potentially problematic (Table  2) [8, 21, 
28, 34, 50, 52, 54, 56–65]. As illustrated in Fig. 1, these 
GHG dynamics reflect the balance between beneficial 
processes such as nitrous oxide mitigation and poten-
tial trade-offs, including methane emissions under high 
soil moisture conditions. Several long-term field stud-
ies report increased methane emissions following bio-
char application, particularly under warm and moist 
soil conditions typical of Mediterranean autumn and 
winter seasons [28, 34]. The primary mechanism driv-
ing methane emissions appears to be the formation of 
biologically induced anaerobic microsites within bio-
char pore structures when soils become water satu-
rated. These microsites create localized oxygen-limited 
conditions that favor methanogenic microorganisms. 
In addition, biochar may influence methane emis-
sions by altering microbial community composition 
and, under certain conditions, providing labile carbon 
substrates that stimulate methanogenic activity [28]. 
These microsites promote methanogenic activity, espe-
cially under conditions of high soil moisture following 
prolonged dry periods. Llovet et al. [34] demonstrated 
that methane emissions increased proportionally 

Fig. 1  Conceptual framework regarding the role of biochar in climate-smart carbon farming within Mediterranean agroecosystems. Green and red 
arrows indicate positive and negative interactions, respectively. Abbreviations: C, carbon; Ca2+, calcium ion; CEC, cation exchange capacity; CH4, 
methane; CO2, carbon dioxide; GHGs, greenhouse gases; H, hydrogen; N, nitrogen; N2O, nitrous oxide; O, oxygen; P, phosphorus; PGPR, plant 
growth-promoting rhizobacteria; SOC, soil organic carbon; SOM, soil organic matter
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with biochar application rate, highlighting a trade-off 
between maximizing carbon sequestration and mini-
mizing GHG emissions. Evidence from Mediterranean 
studies further indicates that methane emissions may 
increase with higher biochar application rates, sug-
gesting a trade-off between maximizing carbon seques-
tration and minimizing GHG emissions. Optimizing 
application rates is therefore critical, with moderate 
rates (generally 10–30 Mg ha⁻1) representing a balance 
between agronomic benefits, carbon storage, and GHG 
mitigation under Mediterranean conditions [34]. This 
trade-off is particularly relevant for Mediterranean car-
bon farming strategies, as modest increases in methane 
emissions can offset a significant fraction of the climate 
benefits associated with carbon sequestration. Conse-
quently, net climate assessments that exclude methane 
fluxes risk overestimating the mitigation potential of 

biochar, especially in fine-textured or poorly drained 
soils.

Implications for climate‑smart crop management
Soil health represents a critical mechanistic link between 
biochar-based carbon farming strategies and crop health 
outcomes in Mediterranean agroecosystems. While bio-
char application consistently modifies physical, chemical, 
and biological soil properties, these changes translate into 
agronomic benefits only when they alleviate crop-lim-
iting constraints such as water scarcity, nutrient imbal-
ance, or biological stress. This section synthesizes soil 
health mechanisms that are most relevant for explaining 
observed crop responses under Mediterranean condi-
tions, as illustrated in Fig. 1.

Mediterranean agricultural soils frequently exhibit 
structural degradation, low aggregate stability, and 
reduced water-holding capacity because of intensive till-
age, organic matter depletion, and prolonged dry periods 

Table 2  Effects of biochar on soil properties and environmental processes in Mediterranean agroecosystems

↑ indicates increase; ↓ indicates decrease; ± indicates variability or context-dependent response

Abbreviations: CEC, cation exchange capacity; CH4, methane; CO2, carbon dioxide; DHA, dehydrogenase activity; FDA, fluorescein diacetate activity; N2O, nitrous 
oxide; NH3, ammonia; SOC, soil organic carbon

Category Parameter Effect of biochar Quantification
(if available)

Ref

Soil
physical
properties

Soil porosity ↑ soil porosity — Alessandrino et al. [56]

Pore size
distribution

↑ medium
and fine pores

— Ibrahim et al. [57]

Soil structure ↑ aeration;
↑ improved structure

— EL-Sayed et al. [58]

Water retention ↑ soil water content — De la Rosa et al. [59]

Bulk density
compaction

↓ soil compaction — Rombolà et al. [50]

Hydraulic
conductivity

↓ saturated hydraulic conductivity — Aguirre et al. [60]

Soil chemical croperties SOC ↑ SOC stabilization  + 39% Bolan et al. [8]

CEC ↑ CEC — Doulgeris et al. [61]

Soil pH ↑ pH (moderate effect) — De la Rosa et al. [59]

Nutrient leaching ↓ nutrient losses — Martos et al. [62]

Phosphorus availability ↑ phosphorus availability up to × 2 Doulgeris et al. [61]

Soil biological properties Microbial activity ↑ microbial activity and diversity — Moreno et al. [63]

FDA activity ↑ fluorescein diacetate activity — Moreno et al. [63]

DHA activity ↑ dehydrogenase activity — Wojewódzki et al. [64]

Urease activity ↑ urease activity — Moreno et al. [63]

Phosphatase activity  ± variable (biochar-dependent) — Wojewódzki et al. [64]

Environment Carbon
sequestration

↑ long-term carbon storage — Ribas et al. [28]

CO2 emissions  ± neutral — Castaldi et al. [52]

N2O emissions ↓ emissions  − 30% to − 70% Lagomarsino et al. [54]

CH4 emissions ↑ emissions under wet conditions rate-dependent Llovet et al. [34]

NH3 volatilization ↓ NH3 emissions — Chu et al. [21]

Heavy metals mobility ↓ bioavailability — Lilli et al. [65]
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[4]. As illustrated in Fig. 1, improvements in soil physical 
properties, including enhanced porosity, aggregate sta-
bility, and water retention, play a central role in mediat-
ing plant water availability and root development under 
Mediterranean conditions. Indeed, biochar application 
can improve soil physical properties by reducing bulk 
density, increasing porosity, and enhancing aggregate 
stability, thereby creating a more favorable root environ-
ment [20, 66, 67]. Several Mediterranean studies report 
that biochar increases medium and fine pore fractions, 
thereby improving soil water retention during dry peri-
ods without severely restricting aeration under optimal 
moisture conditions [59, 66]. These physical changes are 
directly linked to improved crop water status, delayed 
onset of drought stress, and enhanced water-use effi-
ciency, particularly in coarse-textured or degraded soils. 
However, excessive biochar application or the use of fine-
particle biochar may reduce saturated hydraulic conduc-
tivity and promote anaerobic microsite formation under 
wet conditions, potentially impairing root function and 
increasing methane emissions [28, 68]. This highlights 
the need for rate and texture optimization to balance 
water retention with adequate soil aeration.

Biochar influences soil chemical properties primar-
ily through increased CEC, enhancing nutrient sorp-
tion, and buffering of nutrient losses. In Mediterranean 
soils, which are often calcareous and alkaline, biochar-
induced pH changes are generally modest; nevertheless, 
aging processes can enhance surface functional groups 
and increase nutrient retention capacity over time [69]. 
Numerous Mediterranean studies demonstrate that bio-
char application increases CEC and reduces nutrient 
leaching, particularly for nitrogen and potassium, thereby 
improving fertilizer-use efficiency [62]. Enhanced nutri-
ent buffering supports more stable nutrient supply to 
crops, reducing the risk of nutrient stress during critical 
growth stages. Figure  1 further highlights how biochar-
induced changes in soil chemical properties, such as 
increased CEC and improved nutrient retention, contrib-
ute to more stable nutrient availability and reduced losses 
in Mediterranean agroecosystems. However, nutrient 
immobilization represents a potential short-term con-
straint, especially for nitrogen and phosphorus, imme-
diately following biochar application [70, 71]. This effect 
is more pronounced when biochar is applied without 
complementary nutrient inputs and can temporarily limit 
crop growth, as observed in some Mediterranean fields 
and controlled environment studies [72, 73]. Phospho-
rus dynamics in biochar-amended Mediterranean soils 
remain particularly complex. While increased soil mois-
ture and improved structure can enhance phosphorus 
availability [61, 74], biochar may also adsorb phosphate 
or promote precipitation with calcium, reducing plant 

availability in alkaline soils [75]. These contrasting effects 
help explain variable crop responses observed in phos-
phorus-sensitive species and highlight the importance of 
soil testing and amendment-specific management.

Biological communities in soil play a central role in 
mediating biochar effects on crop health. Biochar’s 
porous structure provides a physical habitat for microor-
ganisms, protects them from desiccation during dry peri-
ods, and modifies nutrient availability in the rhizosphere 
[76]. In Mediterranean agroecosystems, biochar applica-
tion has been shown to increase microbial diversity and 
shift community composition toward functionally ben-
eficial groups, including plant growth–promoting rhizo-
bacteria and arbuscular mycorrhizal fungi [77]. These 
biological changes contribute to enhanced nutrient 
acquisition, particularly phosphorus and micronutri-
ents, and can improve crop tolerance to abiotic stresses 
such as drought and salinity [69]. Additionally, biochar-
amended soils have demonstrated increased suppression 
of soil-borne pathogens, reducing disease incidence in 
vegetable cropping systems through modulation of soil 
microbiota [78].

However, biological responses to biochar are not uni-
versally beneficial. Under high soil moisture conditions, 
biochar may promote anaerobic microbial processes, 
shifting communities toward denitrification and metha-
nogenesis, with negative implications for both crop 
root health and GHG emissions [28, 34]. These findings 
emphasize that moisture management is a critical deter-
minant of whether biochar-induced biological changes 
enhance or impair crop performance. Although biochar 
frequently improves soil properties, these improvements 
do not always result in enhanced crop health or yield. 
Situations in which soil benefits fail to translate into 
agronomic gains include non-limiting soil conditions, 
excessive application rates, nutrient imbalances, or unfa-
vorable interactions with specific crop rooting strategies 
[53, 71, 76]. For example, biochar-induced increases in 
water retention may compete with plant roots for mois-
ture in sandy soils or reduce oxygen availability in fine-
textured soils, negatively affecting sensitive crops such 
as peach trees (Prunus persica) [79, 80]. The role of 
biological processes in soil is also emphasized in Fig.  1, 
where biochar is shown to promote beneficial microbial 
communities and rhizosphere interactions that enhance 
nutrient cycling and plant resilience to environmental 
stress. These outcomes underline a central conclusion for 
Mediterranean carbon farming: soil health improvements 
must be evaluated in relation to crop-specific require-
ments and environmental context. Biochar is most 
effective when soil constraints limit crop performance, 
whereas blanket application in already well-functioning 
soils may provide limited or even negative returns.
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From a crop health perspective, the climate mitiga-
tion potential of biochar must be evaluated alongside its 
agronomic effects. Biochar application can enhance crop 
resilience by improving water availability and nutrient 
retention, yet excessive application rates or poorly timed 
amendments may increase methane emissions without 
delivering proportional yield benefits [34, 76]. Evidence 
from Mediterranean systems suggests that moderate 
application rates (generally 10–30  Mg  ha−1) optimize 
the balance between carbon sequestration, GHG miti-
gation, and crop performance [19, 53, 71]. Optimizing 
biochar use within Mediterranean carbon farming there-
fore requires careful consideration of soil texture, drain-
age, seasonal moisture patterns, and crop type. Strategies 
such as adjusting particle size, timing applications to 
avoid wet periods, and integrating biochar with comple-
mentary practices (e.g., cover cropping, organic fertiliza-
tion, reduced tillage) may help minimize methane risks 
while preserving benefits for crop health and productiv-
ity [8, 30, 68].

Crop Responses to Biochar in Mediterranean 
Systems
Mediterranean cropping systems are increasingly 
exposed to concurrent abiotic stresses, including 
drought, heat extremes, salinity, and declining soil 
fertility, which directly compromise crop health, yield 
stability, and resource-use efficiency [7, 81]. Biochar 
has been proposed as a soil amendment capable of 
mitigating these constraints by modifying the physi-
cal, chemical, and biological soil conditions. However, 
crop responses to biochar application under Mediterra-
nean conditions are highly variable and depend on the 
crop’s functional type, soil properties, biochar charac-
teristics, application rate, and complementary manage-
ment practices [53, 71, 76]. Crop responses to biochar 
application in Mediterranean agroecosystems are sum-
marized in Fig. 2, which provides a synthetic overview 
of positive and negative responses across different crop 
groups, including field crops, vegetables, and perennial 
systems.

Fig. 2  Crop responses to biochar application in Mediterranean agroecosystems under climate-smart carbon farming strategies. Green and red 
symbols report positive and negative plant responses, respectively. Abbreviations: N, nitrogen; P, phosphorus; WUE, water-use efficiency
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Annual field crops: cereals and legumes
Among Mediterranean cereals, durum wheat (Triticum 
durum Desf.) has been the most extensively studied 
species. Field experiments conducted under Mediter-
ranean conditions demonstrate that biochar application 
can increase wheat yield while enhancing soil carbon 
sequestration [44, 82]. Yield improvements are primarily 
attributed to enhanced soil water retention during grain 
filling and improved nitrogen and phosphorus availabil-
ity [9, 52]. As illustrated in Fig.  2, field crops generally 
exhibit positive responses in terms of yield and nutrient 
availability under stress conditions, although negative 
effects on early growth may occur under high soil mois-
ture or nutrient-limited conditions. Controlled environ-
ment and open field studies report reductions in early 
shoot growth, evapotranspiration, and projected shoot 
system area following biochar application, particularly 
when biochar is applied without complementary nutri-
ent inputs [32, 72]. These negative responses are likely 
linked to temporary nutrient immobilization or reduced 
root-zone aeration under high soil moisture conditions. 
Collectively, these findings indicate that wheat benefits 
from biochar primarily under stress-prone environments 
rather than under optimal growing conditions (Fig. 2).

Rice (Oryza sativa L.) cultivated in Mediterranean 
regions shows more consistent positive responses when 
biochar is integrated with water-saving irrigation strate-
gies. Studies combining biochar with sprinkler or deficit 
irrigation report increased yields, enhanced photosyn-
thetic activity, and improved water-use efficiency com-
pared with conventional flooded systems [79, 83, 84]. 
These results suggest that biochar can facilitate the 
transition toward less water-intensive rice production 
systems in Mediterranean climates, providing that soil 
moisture is carefully managed to limit anaerobic micro-
site formation and methane emissions [28]. Maize (Zea 
mays L.) responses to biochar are strongly context-
dependent. In saline Mediterranean soils, biochar appli-
cation mitigates salt stress by reducing sodium uptake, 
maintaining potassium availability, and enhancing photo-
synthetic performance, resulting in improved agronomic 
parameters and biomass accumulation [85, 86].

Conversely, medium-term field trials conducted under 
non-stress conditions report negligible yield responses 
despite measurable improvements in soil chemical prop-
erties and CEC [60]. This divergence highlights that soil 
improvement does not necessarily translate into yield 
gains unless soil constraints are a primary limiting fac-
tor for crop growth. Leguminous crops generally exhibit 
positive responses to biochar application under Mediter-
ranean conditions. Fenugreek (Trigonella foenum-grae-
cum L.) shows increased seed yield, mineral composition, 
and oil content following biochar amendment [87]. Faba 

bean (Vicia faba L.) and cowpea (Vigna unguiculata 
[L.] Walp.) demonstrate enhanced chlorophyll content, 
antioxidant enzyme activity, nutrient uptake, and yield 
under saline or water-deficit conditions [85, 88, 89]. 
These responses are likely driven by improved phospho-
rus availability and enhanced rhizosphere conditions that 
support biological nitrogen fixation, suggesting legumes 
are particularly suitable candidates for biochar-based 
interventions in Mediterranean crop rotations.

Vegetables
Vegetable cropping systems represent high-value agri-
cultural contexts in which improvements in crop health, 
quality, and stress resilience can offset the economic 
costs of biochar application. Among solanaceous crops, 
tomato (Solanum lycopersicum L.) consistently responds 
positively to biochar under Mediterranean conditions. 
Biochar-amended soils promote vegetative growth, 
increase fruit number and fruit weight, and enhance 
overall productivity, particularly during summer periods 
characterized by water stress [36, 90, 91]. These benefits 
are primarily attributed to improved soil water reten-
tion, reduced nutrient leaching, and stimulation of ben-
eficial rhizosphere microbial communities. In particular, 
the coexistence of positive and negative responses illus-
trated in Fig. 2 highlights the importance of amendment-
specific and crop-specific management strategies. Pepper 
(Capsicum annuum L. subsp. melo) also shows favorable 
responses to biochar application, especially when biochar 
is combined with organic amendments or biostimulants. 
Field studies report improved nutrient uptake, reduced 
phytoavailability of toxic elements in contaminated soils, 
and yield increases exceeding 30% compared with control 
treatments [77, 92]. These results highlight the impor-
tance of integrating biochar within broader soil fertility 
management strategies rather than applying it as a stan-
dalone amendment.

Responses among cucurbit crops are more variable 
(Fig. 2). Melon (Cucumis melo L.) exhibits yield increases 
when biochar is combined with anaerobic digestate, 
whereas zucchini (Cucurbita pepo L. var. cylindrica) 
shows improvements in chlorophyll content, germination 
rate, and vegetative growth following biochar amend-
ment [77, 85, 93]. In contrast, leafy vegetables display 
the greatest variability. Biochar combined with specific 
compost formulations show increased yields of fennel 
(Foeniculum vulgare Mill.) and rape (Brassica napus L.), 
whereas there were reduced yields of lettuce (Lactuca 
sativa L.) and onion (Allium cepa L.) in volcanic Medi-
terranean soils [33]. Negative responses were associated 
with nutrient imbalances and the presence of phytotoxic 
compounds, underscoring the need for crop-specific and 
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amendment-specific optimization (Table  3) [32, 33, 36, 
59, 77, 80, 83, 84, 87–90, 93–96].

Tree crops and vineyards
Perennial cropping systems provide a particularly suit-
able context for biochar application due to their long 
production cycles, which allow benefits to be accu-
mulated over time. As shown in Fig.  2, perennial crops 
such as olive and grapevine exhibit the most consistent 
positive responses, particularly in terms of improved 
water-use efficiency, photosynthetic performance, and 
drought resilience. Olive (Olea europaea L.) orchards 
show strong positive responses to biochar under Medi-
terranean conditions. Biochar derived from olive residues 
increases soil moisture availability, net photosynthetic 

rate, water-use efficiency, and fruit yield, even under con-
trolled deficit irrigation regimes [59, 85, 97]. These effects 
are especially relevant for super-intensive olive systems, 
where high planting density and limited water availability 
impose chronic stress on trees. Grapevines (Vitis vinifera 
L.) represent one of the most compelling cases for long-
term biochar benefits. Field experiments demonstrate 
that a single biochar application can improve vine water 
status, stomatal conductance, and drought resilience 
for more than a decade [96, 98]. Such persistent effects 
substantially enhance the cost-effectiveness of biochar 
in Mediterranean viticulture and support its integration 
into climate-smart vineyard management. However, not 
all perennial crops respond favorably. Figure 2 indicates 
that not all perennial species respond positively, with 

Table 3  Summary of the biochar effects on different species under Mediterranean agrienvironmental conditions

↑ indicates increase; ↓ indicates decrease; ± indicates variable or context-dependent response

Abbreviations: ETR, electron transport rate; WUE, water-use efficiency

Botanical family Species Response type Effect Ref

Apiaceae Allium cepa Growth ↓ growth Iacomino et al. [33]

Foeniculum vulgare ↑ growth

Asteraceae Lactuca sativa Growth, stress physiology, 
quality

↓ growth Seleiman et al. [94]

Helianthus annuus ↓ drought stress,
↑ oil quality

Brassicaceae Brassica napus Growth ↑ growth Iacomino et al. [33]

Cucurbitaceae Cucumis melo and cucurbita 
pepo

Yield, growth, physiology ↑ germination,
↑ yield,
↑ chlorophyll content,
↑ root and shoot length

Ortiz-Liébana et al. [77], Farid 
et al. [93]

Fabaceae Vicia faba Physiology, yield, nutrition ↑ chlorophyll content,
↑ enzyme activity

El Nahhas et al. [88]

Trigonella foenum-graecum ↑ yield,
↑ mineral composition

Qaisi et al. [87]

Vigna unguiculata ↑ yield El-Hassanin et al. [89]

Oleaceae Olea europaea Physiology, water relations ↑ soil moisture,
↑ photosynthesis,
↑ WUE,
↑ ETRmax

De la Rosa et al. [59]

Poaceae Oryza sativa Yield, water use, physiology, 
growth

↑ yield,
↑ WUE,
↑ chlorophyll,
↑ carotenoids,
↑ stomatal conductance,
↓ evapotranspiration,
↓ shoot growth

Rato-Nunes et al. [83], Elshayb 
et al. [84]

Triticum durum Hafez et al. [95], Latini et al. [32]

Rosaceae Prunus persica Root physiology  ± root physiology,
↓ survivability

Sorrenti et al. [80]

Solanaceae Capsicum annuum Nutrition, stress, yield, growth ↑ nutrient uptake,
↓ toxic elements uptake,
↑ yield,
↑ vegetative growth,
↑ fruit number and weight,
↑ water retention

Ortiz-Liébana et al. [77]

Solanum lycopersicum Graber et al. [36], Velli et al. [90]

Vitaceae Vitis vinifera Stress physiology ↑ performance under stress,
↑ drought resilience

Baronti et al. [96]
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some cases of reduced plant survivability, emphasizing 
the need for species-specific evaluation. Peach (P. persica 
[L.] Batsch) trees exhibit reduced survivability following 
biochar application, despite normal yield and fruit weight 
among surviving plants [80]. These negative effects are 
likely linked to biochar-induced alterations in root-zone 
water dynamics or physical interference with fine root 
development, highlighting the need for species-specific 
evaluation prior to large-scale adoption.

Crop‑type sensitivity to biochar in Mediterranean 
agriculture
Across Mediterranean agroecosystems, biochar improves 
crop health most consistently under conditions of envi-
ronmental stress, particularly drought, salinity, and 
soil degradation [19, 47, 76]. Perennial crops and leg-
umes emerge as the most responsive functional groups, 
while cereals and leafy vegetables exhibit more vari-
able outcomes. Moderate application rates (typically 
10–30  Mg  ha⁻1) maximize agronomic benefits while 
minimizing risks associated with nutrient immobili-
zation and anaerobic microsite formation [34, 70, 71]. 
These findings indicate that biochar should be deployed 
selectively within Mediterranean agriculture, target-
ing systems where soil constraints limit crop perfor-
mance rather than applied uniformly across all cropping 
systems.

Final remarks and future challenges
Mediterranean agriculture faces increasing pressure 
from climate change–driven stresses, including drought, 
SOM depletion, and declining yield stability. Within this 
context, carbon farming strategies aim to integrate cli-
mate mitigation with sustained crop health. This review 
shows that biochar represents a distinctive but context-
dependent component of Mediterranean carbon farming, 
offering permanent carbon sequestration while influ-
encing soil processes that regulate crop performance. 
Biochar application consistently increases SOC stocks 
through the addition of highly recalcitrant carbon forms 
that remain stable under Mediterranean climatic condi-
tions. GHG responses, however, are not uniform. Biochar 
generally reduces nitrous oxide emissions (often by 30%–
70%) and does not increase carbon dioxide emissions, 
supporting its mitigation potential. In contrast, methane 
emissions may increase under warm and moist condi-
tions due to anaerobic microsite formation, potentially 
offsetting climate benefits if applications are not carefully 
managed. Comprehensive GHG accounting is therefore 
essential when evaluating biochar-based carbon farming. 
From a crop health perspective, biochar improves crop 
performance primarily when it alleviates limiting soil 
constraints. The most consistent benefits are observed in 

degraded or coarse-textured soils, under water-limited 
or saline conditions, and in perennial cropping systems. 
Perennial crops such as olive and grapevine show long-
lasting improvements in water status, physiological per-
formance, and yield stability, while legumes generally 
respond positively due to enhanced nutrient availability 
and rhizosphere functioning. In contrast, cereal crops 
and leafy vegetables display more variable responses, 
including neutral or negative effects when soil conditions 
are already non-limiting or when nutrient imbalances 
occur. Future research should prioritize long-term field 
experiments in Mediterranean soils to validate crop yield 
persistence, carbon stability, and net GHG balances. Par-
ticular attention should be given to methane mitigation 
strategies and to underexplored cropping systems, espe-
cially legumes and diversified rotations. Translating this 
evidence into decision-support tools will be critical for 
guiding farmers and policymakers toward effective and 
context-specific biochar deployment.

Beyond agronomic and environmental performance, 
the economic viability of biochar application represents 
a critical factor for its adoption in Mediterranean agricul-
ture. The overall cost of biochar systems includes several 
components, notably feedstock collection and prepa-
ration, pyrolysis processing, transportation, and field 
application. These costs can be substantial, particularly 
in Mediterranean regions characterized by fragmented 
landownership and limited access to processing infra-
structure. However, potential economic benefits may 
partially offset these costs, including improved crop pro-
ductivity, enhanced nutrient-use efficiency, and reduced 
input requirements over time. In addition, the long-term 
carbon sequestration potential of biochar opens oppor-
tunities for participation in carbon credit markets, which 
could provide financial incentives for farmers adopting 
biochar-based practices. Despite these opportunities, 
uncertainties in carbon pricing and the lack of standard-
ized policy frameworks across Mediterranean countries 
remain significant barriers. Future research should there-
fore integrate agronomic, environmental, and economic 
assessments to support the development of cost-effective 
and scalable biochar strategies tailored to Mediterranean 
agroecosystems.
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