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Abstract: Carbon (C) is one of the most abundant elements. It is part of all living organisms and is 

found in all states of matter (solid, liquid, gas, and plasma). It can take the form of one of the hardest 

and transparent materials (diamond) or it can be flexible and dark (graphite), with many 

carbonaceous materials at both extremes. In gaseous form, C is a component of several  greenhouse 

gas emitted during the combustion of fossil fuels. Carbon movement between the atmosphere, land 

(biosphere and lithosphere), and ocean (hydrosphere) can alter total amounts in each pool. Human 

activities accelerate C movement into the atmosphere, causing increases in climate change. This shift 

from terrestrial and oceanic C pools to the atmosphere cause an increase in the intensity and 

duration of  droughts, hurricanes, snowstorms, and other natural phenomenon. Although society 

hears about C emissions there is a lack of understanding of its importance and the need to decrease 

C in the atmospheric pool to avoid exacerbating climate change. Forests and biochar  are two 

biological methods to retain C in the terrestrial pool for long time and at very low cost. This review 

details where C comes from, its relationship with forests, and biochar  and their roles in increasing  

carbon sequestration to limit the impacts of climate change and  continue having future sustainable 

forests and ecosystems services that we enjoy today. 

Keywords: climate change; sequestration; mitigation; reforestation 

 

1. Introduction 

Carbon (C) is one of the most common elements in the universe and on earth, is the fourth most 

abundant element by mass, and is the basic building block of humans, animals,  plants, and soils. 

Carbon abundance in organic compounds and its polymers makes it the chemical foundation of all 

life. There are one million organic compounds containing only C and hydrogen (H). When a C atom 

combines with two oxygen (O) atoms it forms carbon dioxide (CO2); one of the greenhouse gases 

(GHG) causing warming on earth and influencing climate change. 

There is widespread recognition about climate change and the impacts on humans, plants, and 

animals. Increasing temperatures are linked to extreme environmental disturbances all over the 

world such as extreme droughts, hurricanes, snowstorms, and intense precipitation, among others. 

These disturbances cause environmental imbalances on forest ecosystems affecting their health, 

vigor, and productivity. Forest consequences are manifested as intense insect and diseases attacks, 

high tree mortality, and increases in extreme wildland fires with further negative effects on the soil 

and ecosystems services (e.g., erosion, water storage) and affecting rural communities. Further, 

changes in precipitation patterns may decrease soil organic C (SOC) pools, structural integrity, and 
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nutrient cycles with adverse impacts on biomass productivity, biodiversity, and the environment 

(Lal, 2004). 

The international Paris Agreement (2015) seeks to limit the increase in average global 

temperature to 2 °C with efforts to limit the increase to 1.5°C. However, there is a societal lack of 

awareness about the importance of C, its role in climate change, and the need to decrease atmospheric 

C. Controlling and mitigating CO2 emissions are a priority for global economic development, but also 

for sustainable forests and soils. Forests and soils provide climate forcing feedbacks (Bonan, 2007) 

that help move C from atmospheric to terrestrial pools. One potential option to sequester atmospheric 

CO2 is biological sequestration using the photosynthesis to remove atmospheric C and sequester it 

for several decades in living biomass and mass timber structures (Abed et al., 2022). Promoting 

photosynthesis of existing forest trees and through active forest management to increase forest 

ecosystem resilience through the decrease of competition between plants for growing space and its 

elements are among the methods available to reduce atmospheric CO2. More options for biological C 

removal also could be achieved through afforestation, reforestation, and urban forestry. Moreover, 

utilizing forest residues from logging operations for different products like cross laminated timber, 

pulp for paper, wood pellets, biofuels, and biochar among others could enhance the opportunities to 

removal and long-term sequestration of C. 

Benefits of C sequestration include the forests ability  to store significant amounts of C both 

above and below-ground which makes it imperative to understand how humans alter C pools (Figure 

1). Understanding the linkages among the various C pools and management can help reduce wildfire 

risk, increase water infiltration, retention, and availability, provide habitat for wildlife and other 

macro- and microorganisms, and sustain biodiversity. 

 

Figure 1. Global carbon stocks (Gt) in various pools. (National Research Council 2015). 

Responsible and sustainable managed forests result in healthy forests with an increased 

resistance, resilience, and capacity to mitigate and adapt to the impacts of climate change increasing 

C sequestration, however, when forests are mismanaged forest degradation and deforestation occurs 

releasing up to 20 % of the global C emissions just because of deforestation (U.S. Forest Stewardship 

Council, 2023). Although, forests are not the whole solution, they are important for solving the 

climate change crisis together with other sustainable alternatives such as renewable energy. The 

objective of this systematic literature review is to highlight  the importance of C, forests, and biochar 

including the benefits of C sequestration to decrease the impacts of climate change and promote 

sustainable forests and healthy soils into the future.  
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2. Importance of Carbon Dioxide 

CO2 importance resides in that its amount on earth atmosphere has been correlated with the 

increase on temperature causing global warming. Many studies have found this correlation through 

reconstruction studies of earth historical atmosphere characteristics using ice cores. The amount of 

CO2 four billion years ago  is unknown, but it is believed to have been as much as 100 times the 

current atmospheric level. This would have been necessary to keep earth's surface temperature above 

freezing, because of reduced solar luminosity (Kasting, 1984; Kasting, 1987). Although, Payne et al 

(2020) found out that the CO2 constituted the atmosphere between 25 to 50 % almost three billion 

years ago. However, earth was not warmer, because of the presence of lower levels of N in 

comparison with current levels, which facilitated a global mean surface temperature low enough for 

glaciation to occur. The lowest CO2 during eight glacial cycles concentration measured in an ice core 

covering the pre-industrial range of CO2 concentrations during the late Quaternary (650,000 and 

750,000 years before present) was by about 10 parts per million by volume (ppmv) to 172–300 (ppmv) 

(Luthi et al., 2008), and a study on atmospheric CO2 concentrations measured on the Dome Concordia 

ice core found that before 430,000 years ago partial pressure of atmospheric CO2 lies within the range 

of 260 and 180 ppmv showing that CO2 was stable during six glacial cycles, and the relationship 

between CO2 and Antarctic climate continued rather constant over this interval (Urs et al., 2005). 

Since the beginning of industrialization, the amount of atmospheric CO2 has progressively 

increased from ∼280 parts per million by volume (ppmv) to ∼368 ppmv in 2001 (Monnin et al., 2001). 

During the last 800 thousand years, atmospheric CO2 ranged from a high during the interglacial 

period of around 300 ppm for CO2, 800 ppb  methane (CH4) and 300 ppb nitrous oxide (N2O) to a 

minimum during glacial periods of approximately 180 ppm CO2, 350 ppb CH4, and 200 ppb N20. In 

2011, measurements of ice cores revealed that GHG concentrations 390.5 ppm C02, 1803 ppb CH4, and 

324 ppm N20; exceeding the range of measurements for the past 800 thousand years over (Masson-

Delmotte et al., 2013). From the middle Miocene to Pleistocene, global CO2 levels declined by more 

than 50 ppmv suggesting that when CO2 concentrations decrease temperatures also decrease (Wang 

et al. 2015, Rae et al., 2021). 

The importance of CO2 has been reinforced by a study done by Dumitru et al (2019) that has 

been used as a proxy of the increase of temperature, because of the increase of CO2 levels, which were 

similar to the current ones. They found out that during an interval of the Late Pliocene (3.264 to 3.025 

Ma), known as the mid-Piacenzian warm period, atmospheric CO2 concentrations were comparable 

to present-day values (~400 ppm), and estimated global mean temperatures were elevated by 2–3 °C 

relative to the pre-industrial period. 

3. The Carbon Cycle 

The amount of carbon on earth has not changed, as it was millions of years ago (British 

Geological Survey, 2023). The hydrosphere on earth was formed 4 billion years ago from water vapor 

condensation, resulting in oceans of water in which sedimentation occurred, where the most 

important characteristic of that ancient environment was the absence of free oxygen (Poderoso, 2016). 

Earth’s earliest atmosphere must have been a mixture of the primordial gases because H is the most 

abundant element in the solar system, it is believed that the most abundant forms of its components 

like methane, ammonia, and water vapor, and neon, were also the main elements of the initial 

atmosphere of earth (Hayes, 2020). 

Analysis of the oldest rocks on earth indicated that there are water-laid sediments with an age 

of 3.8 billion years containing organic carbon (OC) and carbonate minerals, in addition there were 

found microfossils and other sedimentary features that demonstrate convincingly that life had arisen 

on earth by that time, providing an indication that living organisms started the global carbon cycle 

from that time onward based on the distribution carbon-12 and carbon-13. The evidence of the 

presence of sedimentary carbonates indicated the presence of CO2 in the earth’s atmosphere at that 

time (Hayes, 2020). 

In all forms (gas, liquid, solid) C is stored (sink) or released (source) through respiration of living 

organisms and by human activity primarily when fossil fuels are burned and matter transformations 
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occur (Bowyer et al., 2012). Movement from one C form and one C pool to another occurs when C is 

transformed (e.g., calcium carbonate (CaCO3), dolomite (CaMg(CO3)2),bicarbonate (HCO3), carbonate 

ion (CO32-), CO2, methane CH4, and formaldehyde (CH2O)n (Dong et al., 2021). Each C pool has 

varying amounts of organic and inorganic C. Residence time of C in each pool also varies from years 

to centuries.   

The lithosphere with 1023 g C, is the largest reservoir with the C contained in sedimentary rocks 

as carbonate minerals (CaCO3, CaMgCO3, and FeCO3) and fossil fuels, which are organic compounds 

(oil, natural gas, and coal). Slow geological processes like weathering, vulcanism, diagenesis and 

sedimentation transfer the lithosphere’s C to other reservoirs on a timescale of millions of years and 

the C is considered inactive.  

Active C reservoirs contain approximately 43×1018 g of C, which is separated between the 

atmosphere with 750 x 1015 g C, the terrestrial biosphere with 2190×1015 g C, and the ocean with 39973 

× 1015 g C. The amount of C on active carbon reservoirs is maintained in near steady state by slow 

geological processes, but rapid biogeochemical processes can result in the redistribution among the 

pools (e.g., C from fossil fuels (inactive) added to the biologically active reservoirs during 

combustion) (Carlson et al., 2001).  

In addition to geological processes C is assimilated into vegetation through  photosynthesis and 

released through respiration. Animals, fires (wild, and prescribed) and fossil fuels also  release C to 

the atmosphere. Another factor affecting the C cycle is that it is generally 50% of the dry weight of 

living organisms. Further, in the ocean sink there is passive absorption of CO2 and associated 

dissolution, mixing C from algae and animal biomass, and dissolved CO2 and carbon-containing 

plant and animal matter. When atmospheric C pools increase, particularly with CO2 and CH4,  then 

these GHGs increase global temperature (Houghton, 2003; Hannah, 2011).  

The degree that GHGs affect the climate is dependent on how much heat that particular gas 

absorbs and reradiates (Stephenson (2021). The atmosphere naturally contains GHGs, but they are 

increased by human activities. The most influential GHGs on the global warming potential (GWP) 

are H2O vapor, CO2, nitrous oxide (N2O), CH4 and ozone (O3). Methane (23x) and N2O (296x) have 

greater potential than CO2 to increase earth’s temperature. In the absence of a natural greenhouse 

effect, the heat emitted by the earth would go directly into space and the earth’s average surface 

temperature of 14°C would be as low as -18°C (Stephenson 2021).  Global atmospheric CO2 

concentrations are greater than 400 ppm and the magnitude of climate change beyond the next few 

decades will depend on the amount of GHGs (especially CO2) emitted globally (U.S. Global Change 

Research Program, 2017). Without major reductions in emissions, the increase in annual average 

global temperature relative to preindustrial times could reach 9°F (5°C) or more by the end of this 

century. With significant reductions in emissions, the increase in annual average global temperature 

could be limited to 3.6°F (2°C) or less. NOAA (2023) pointed out that in 2022 global average 

atmospheric carbon dioxide was 417.06 ppm, setting a new record high. Based on current assessment 

global atmospheric carbon was at 424 ppm in May 2023 (NOAA, 2023). In addition, NOAA (2023) 

point out that since the 1950s annual emissions from burning fossil fuels have increased every decade, 

from close to 11 billion tons of CO2/yr. in the 1960s to an estimated 36.6 billion tons of CO2 in 2022. 

One way to reduce atmospheric C is through carbon sequestration using a variety of methods to 

store C in the other C pools , such as trees, soils, oceans, and underground geologic formations. One 

form of C sequestration involves removing the CO2 from the atmosphere, primarily through 

biological means. This is also referred to as enhancing natural sinks (Herzog, 2015).  

4. Forests 

Forests in the world account for 92% of all terrestrial biomass globally, storing approximately 

400 Gt of C (Kayleret al. 2017). They are a large C sink, and they absorb a large portion of 

anthropogenic CO2 emissions (Pugh et al. 2019). This is an ecosystem service with both social and 

economic value as they can help limit climate warming (Grassi et al., 2017). Forests are estimated to 

cover 4.5 billion ha and equals approximately 31 % of the earth’s total land area (Birdsey and Pan, 
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2015; Keenan et al., 2015; Bastin et al., 2017). Tropical forests are 45% of the total area, followed by the 

boreal forests with 27%, temperate forests with 16% and subtropical with 11% (FAO, 2020).  

Forests are an important means of capturing large amounts of C at low cost, because carbon can 

be sequestered through the growth of trees (Woodall, 2015), especially when compared to other C 

sequestration options such as geologic sequestration. Globally, soils store two-to-three times as much 

C in organic form as C in the atmosphere and soil stocks exceed those in plants in most climatic 

regions (Scharlemann et al., 2014). The manner and intensity in which forests are managed can 

influence both above and belowground C stocks (Jandl et al., 2007; Noormets et al., 2015). With the 

goal of increasing both soil and vegetation C stocks, we examine management practices that can lead 

to increased C.  

In the case of forest management, the sustainability and long-term capacity of forest ecosystems 

to capture and store carbon depends in large part on their health, productivity, resilience, and 

adaptive capacity. Forest ecosystems are dynamic, and are affected by multi-year droughts, insect 

and disease epidemics, wildfires, and catastrophic storms, and human activity. For example, storing 

carbon in overly dense forests that remain unthinned increases the risk of losing the carbon through 

fire and decomposition of fire-killed trees following large wildfires, as well as affecting the vegetation 

dynamics and influencing the future forest vegetation composition. Dense unthinned stands are less 

vigorous and more susceptible to insect attack (this has been largely documented in the text of 

vegetation dynamics by Chadwick and Larson (1996). 

Traditionally forest management was focused in optimizing volume harvested per surface unit. 

In the case of carbon, the same approach can be taken, and therefore, optimizing, not maximizing, 

carbon capture in forest ecosystems can be a sustainable, long-term solution for responding to climate 

change to sustain other forest ecosystem services. Forest ecosystems capable of adapting to changing 

conditions will capture carbon and store it more securely over the long term, while also furnishing 

woody materials to help reduce fossil fuel use when one the uses is for producing bioenergy 

(Janowiak et. al., 2017). 

Natural disturbances, especially wildfire and insects, threaten resource sustainability and 

increasingly disrupt our nation’s ability to implement management programs. Land management 

programs that restore forests to healthy and productive conditions will help ensure the long-term 

maintenance and transformation of forest carbon stocks. Forest management activities play a critical 

role in ensuring that forests remain a net carbon sink. The Forest management response on the ground 

is already happening in a threefold approach: adaptation, mitigation and restoration of forest 

ecosystems conditioning and repairing the key functions of ecosystems across landscapes and 

increasing their resilience to withstand the stresses and uncertainties associated with extreme 

changing climatic patterns.  

According to the National Academy of Sciences (2019), fossil fuel consumption, agriculture, 

land-use change, and cement production are the dominant anthropogenic sources of CO2 to the 

atmosphere. The focus of climate mitigation is to reduce energy sector emissions by 80-100 percent, 

requiring massive deployment of low-carbon technologies between now and 2050. Some examples 

of adaptation and mitigation actions that can be implemented are restoring healthy, resilient forest 

and grassland ecosystems and actively managing carbon stocks in forests, grasslands, and urban 

areas over time by doing the following: 

 Manage stand density to decrease stocking of forests to decrease competition for growing 

elements and growing space as well as increase resilience to droughts, insects and disease 

attacks, help to decrease mortality and wildland fires intensity. less vulnerable to wildfire, 

pathogens, and insect attack. 

 Controlling outbreaks of pests when they occur outside the norm. 

 Restore forest ecosystems impacted by catastrophic disturbances such as wildland fires, 

hurricanes, and other disturbances, consistent with land management laws and regulations. 

 Providing technical assistance for programs designed to enhance carbon sequestration potential 

through afforestation, reforestation, and practices that increase and maintain productivity and 

ecosystem health. 
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 Encouraging cities to retain green space and to plant and maintain trees. 

 Using available tools to understand the impacts of management actions on carbon stocks and 

fluxes. 

Overall, land use practices have the potential to alter the global distribution of C, contributing 

as much as 20% of global carbon emissions (Failey and Dilling, 2009). Deforestation is one  activity 

that can increase atmospheric CO2. Annual forest loss from 2010 to 2020 globally was 4.74 million ha 

per year (FAO, 2020), and the projected amount of CO₂ released by deforestation was estimated 3.9 

billion tons per year in 2022.  

The afforestation of degraded land can restore ecological functions and sequester atmospheric 

C.  In addition to C sequestration, afforestation helps many communities restore a source of food 

and fiber while also supplying a source of firewood for cooking (Mahapatra and Schackleton, 2012). 

Afforestation on cropland may result in significant C stocks over 100 years (Bárcena et al., 2014) with 

~15% increase in soil C stocks at the end of the first century (Nave et al., 2013).  The main reason for 

the increase in soil C is the development of surface organic horizons, but mineral soil C sequestration 

can be high when broadleaved species are planted (Laganiere et al., 2010).  

5. Biochar from Low-Value Woody Residues 

To mitigate atmospheric GHGs and particularly CO2, sustainable harvesting can be coupled 

with biochar applications on forest, range, or agricultural lands.   Biochar is a carbon-rich material 

formed by thermal decomposition at high-temperature (<700°C) of biomass under reduced oxygen 

conditions (Lehmann, and Joseph, 2009; Greco et al., 2019; Lefebvre, et al., 2023). When producing 

biochar from organic matter, the proportion of the amount of biomass transformed into carbon as 

total solid carbon in biochar varies from approximately 5% when using gasification technologies to 

approximately 35% when using slow pyrolysis technologies (McHenry, 2014). This carbonaceous  

material  is added to the soil and is relatively stable for a long period of time (Blackwell et al., 2009). 

Biochar can improve soil physical, chemical, and biological properties while also reducing GHG 

emissions from the soil and stabilizing C pools (Wang et al., 2014). Using biochar to enhance or restore 

on- or near production site forest or adjacent degraded soils is one strategy that, when combined with 

various silvicultural treatments, can restore a variety of ecosystems services in addition to building 

the soil C stock. Biochar can improve water quality, bind heavy metals, or decrease toxic chemical 

concentrations, and improve soil health to establish sustainable plant cover, resulting in preventing 

soil erosion, leaching, or other unintended, negative environmental impacts (Rodriguez and Page-

Dumroese, 2021). Biochar also has potential applications in waste management, renewable energy, C 

sequestration, GHG emission reduction, and soil and water remediation, as well as its potential for 

enhancing soil quality and agricultural crop productivity. In addition, C sequestered after biochar 

application, in combination with sustainable biomass production, can be C-negative and therefore 

used to actively remove CO2 from the atmosphere, with potentially major implications to mitigate 

climate change (Lehmann and Joseph, 2015). Because biochar  can last into the soil for many years 

due a large proportion of condensed aromatic C it can sequester C for many centuries (Ali et al., 2023). 

Biochar effects on soil health and the extent of ecosystem services depends on soil type, biochar type 

and application rate, and environmental parameters that affect plant productivity (Amonette et al., 

2021).  

Biochar production from low- or no-value woody residues can occur at a variety of scales that 

range from conservation burns to fixed bioenergy facilities.  There are also  forest management 

technologies to increase carbon sequestration.  As noted previously,  carbon retention and 

silvicultural practices that manage forest growing space to promote  optimum vegetation growth 

increases aboveground C sequestration while the biochar increases belowground sequestration. For 

example,  improved forest management can increase C sequestration from 0.03 to 1.6 Gt/y and 

afforestation and reforestation efforts can increase C sequestration in a range of 0.001 to 2.25 Gt/y CO2 

for the United States (NAS, 2019). Other C sequestration opportunities  include combining 

bioenergy production with C capture and sequestration that can lead to net negative emissions as C 
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stored by photosynthesizing biomass is sequestered rather than released to the atmosphere (NAS, 

2019).  

Large amounts of charcoal remain in soils today from , hundreds and thousands of years after 

they were abandoned. The total C storage is as high as 250 Mg C ha−1  m−1 compared to typical values 

of 100 Mg C ha−1  m−1 in Amazonian soils derived from similar parent material (Glaser et al., 2001). 

Globally, up to 12% of anthropogenic C emissions (0.21 Pg C) can be off-set annually in soil, if slash-

and-burn is replaced by slash-and-char (Lehmann, et. al., 2006).  In addition, these authors provide 

projections for the use of renewable fuels by 2100 and conclude that biochar sequestration could vary 

from 5.5 to 9.5 Pg C yr-1 if energy demand is met through pyrolysis, which would exceed current 

emissions from fossil fuels (5.4 Pg C yr-1). In addition, Lefebvre et al. (2023) found that biochar plays 

an important role in global CO2 removal;  with a potential of 6.23 ± 0.24% of total GHG emissions 

removed in the 155 countries studied over a 100-year timeframe (base year 2020). They also pointed 

out that biochar could remove more than 10% of national emissions in 28 countries.  

Biochar systems can generate heat, create negative C emissions, and sequester carbon. Biological 

C sequestration can be achieved through afforestation, changes to agricultural practices, soil carbon 

sequestration, application of biochar to soil, and the combination of biochar addition to soil and 

bioenergy with C capture and storage (BECCS) technology where biochar has moderate potential for 

delivering negative emissions estimated about 0.7 Gt Ce per year (National Academy of Sciences, 

2018). In addition to its potential soil benefits, biochar, bio-oil, and bio-gas have also been studied for 

its potential climate change mitigation benefits. 

6. Discussion 

The combination of silvicultural prescriptions for wildfire risk reduction with biochar 

production and use at a variety of scales are promising methods to reduce atmospheric CO2.  

Consideration of promoting maximum vegetative cover and  improved soil health to achieve 

healthy, productive, and resilient forest stands into the future. In addition, maintaining healthy 

forests creates growing conditions that will enhance forest ecosystem resistance  to climate change 

impacts.  

Dynamic land management  considers cumulative effects across time and factors in risk, 

severity, scale, and likely outcome of disturbances. From 3 to 5 million km2 per year are affected by 

landscape fires globally, emitting 2.2 Pg/yr. to the atmosphere, however a significant portion of the 

burned vegetation biomass remains as pyrogenic carbon. This pyrogenic C is accumulated in soils 

contributing to C sequestration; which has been estimated to be 12 % of the total C emissions from 

landscape fires in the world (Jones et al., 2019). According to Zheng et al (2023) boreal forests are 

being affected by fires, because of emerging warmer and drier fire seasons. Boreal fires normally 

account for 10 % of the global C emissions, but in 2021 they increased to 23 % (0.48 billion metric tons) 

of global emissions, being the highest increase on the last 21 years. A recent example was  the 2023  

Canadian wildfire that burned nearly 20 million hectares and resulted in a  release of 290 megatons 

C  from May to August. This represents over 25% of the global total for 2023 when  reported in 

August (European Union, Atmosphere Monitoring Service, 2023). Therefore, sustainable C 

management involves effectively managing forest and soil C stocks by restoring, maintaining and 

enhancing health and productivity.  This includes using management practices such as prescribed 

burning or other practices aimed to increase C sequestration or offset C emissions like taking into 

account forest products C, and when possible, considering the location, accessibility, established 

forest industry among other considerations to implement Climate smart actions. 

The National Academy of Sciences (2018) and several other authors (Depro et.al., 2007; Ryan et. 

al., 2010; McKinley, et. al., 2011; Chadwick, et. al., 2014; and Janowiak et al., 2017)  have pointed out 

that the strategies for managing forests, grasslands, and soils influence their ability to absorb carbon 

from the atmosphere and sequester carbon. These management options, include reforestation, 

afforestation (establishing a forest on land that had no previous tree cover), reducing deforestation, 

Climate smart forest management, using biomass as an energy source to substitute for fossil fuels, 
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application of biochar to soil, reducing forage consumption by grazing, and employing practices that 

improve soil health. 

Land management programs that restore forests to healthy and productive conditions will help 

ensure the long-term maintenance and transformation of forest carbon stocks. Ecosystems managed 

to adapt to changing conditions will capture carbon and store it more securely over the long term, 

and it will decrease the potential impact of wildfires or at least will change fire behavior decreasing 

its impact. However, like in the United States of America when silvicultural practices are applied for 

restoring forest stands not all trees removed have the required characteristics for the traditional forest 

industry, because of limitation in size and quality, especially when the trees come from salvage 

cuttings, they have limited use and value. This situation often leads to large piles of woody residues 

that are burned without the possibility of creating byproducts (Page-Dumroese et al. ,2017). 

Biochar can be part of the solution when produced on- or near-site instead of leaving large piles 

of biomass that, under current open burning methods, increase C.  Options for using biochar range 

from  the local forest soil or  abandoned mine lands or transported to agricultural sites with the 

associated benefits. 

The main advantage of having active forest management in place will bring additional benefits 

to communities like sustainable ecosystems services and jobs generation and healthy forest industry, 

while also furnishing wood-based materials as biochar and others for many purposes such as 

renewable energy, biobased products and house constructions .  

Biochar is another tool to sequester carbon on soil when used as a soil amendment for 

agricultural purposes, abandoned mine land and oil wells restoration, or putting back to the forest 

after disturbances. According to Grand View Research, Inc. (2019) the global biochar market is 

expected to reach USD $3 billion by 2025. The Grand View Research, Inc. (GVRI) report indicates that 

increasing consumption of organic food has been a major factor driving market growth, and the 

growing awareness regarding the advantages of biochar as soil amendment is further supplementing 

demand for the global market. Although, more recent assessments indicated that the global biochar 

market was valued at $1.654 billion in 2021 and is expected to reach $5.158 billion in 2030, growing 

with a compound annual growth rate (CAGR) of 13.53 % for the forecasted period (Inkwood 

Research, 2023). These studies show the potential importance of producing biochar for agricultural 

applications only. 

7. Conclusions 

• Better understanding of C importance, its management and relationship with forests and 

biological sequestration is needed to mitigate the impacts of climate change and support the 

adaptation of forest ecosystems to the changing climate conditions from now on. 

• Biochar contribution to increase C sequestration as a soil amendment is part of the solution to 

promote heathy forests, that can enhance their C sequestration capability with  Climate smart 

forest management, with additional benefits from sustainable ecosystems services on times of 

environmental change. 

8. Future Directions 

There is a need for increasing societal awareness about climate change, natural resources and 

their relationship with human life, and the benefits of preserving healthy forest ecosystems through 

active forest management. Biological C sequestration is  a critically important  tool to increase C 

storage utilizing the different technological alternatives for establishing and manipulating vegetation 

for enhancing C sequestration and the posterior utilization of byproducts that could keep that C out 

of the atmosphere as long as possible.  

To achieve this goal, through forest management  additional research is needed to identify the 

potential C sequestration options with the utilization of raw materials coming from forest 

management and processing mills, in addition to optimize forest operations, decrease transportation 

costs from the forest to the mill, and developing the markets for those products including biochar. 

Additionally, other studies  are needed to develop a comprehensive overview of the potential for 
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raw materials, locations, and time availability for planning purposes and complementing this 

information with an assessment of the current policies and regulations in place for identification of 

potential barriers that can be modified when designed streamlined process for operation of the whole 

supply chain. 

In case of afforestation and reforestation there is a need of assessing the current possibilities of  

species survival established under current environmental conditions and assess the future 

environmental conditions for establishing of vegetation and assess if the current species will adapt to 

the new growing conditions and start to identify potential substitute species into the future that can 

continue their contribution to the C cycle and provide ecosystem services. 
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