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ABSTRACT

Carbon cycling is an important factor in the climate regulation of the Earth as it regulates the exchange of carbon

between the atmosphere, oceans, and soils, as well as living organisms on Earth. This review discusses the processes of

carbon cycling in natural and managed ecosystems and identifies the processes of photosynthesis, respiration, decomposition,

and soil carbon dynamics as the major processes. It looks at the effects of activities carried out by humans, such as agriculture,

forestry, and urbanization, which affect carbon fluxes to improve or interfere with carbon sequestration. Recent technological

changes, such as remote sensing, eddy covariance systems, and isotopic tracers, have enormously helped to monitor carbon

dynamics over a greater scale and over a greater time extent. Also, new developments in modeling methods have enhanced

the forecasts of carbon cycling in different environmental conditions. Nevertheless, many issues, such as the constraint in

data, complexity of ecosystem interactions, and the requirement to know more about carbon feedbacks and non-linearities

as climate changes persist. These issues should be solved by interdisciplinary research, biological innovations, and more

comprehensive monitoring networks. Future studies should be aimed at the effects of extreme events on carbon processes,

how well the ecosystem responds to the feedback, and how to apply the scientific results to policy and management tools.

This will prove very important in curbing climate change and enhancing sustainable management of ecosystems.
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1. Introduction

Carbon cycling is an important cycle in the biosphere of

the earth that entails the exchange of carbon between differ-

ent reservoirs, which include the atmosphere, oceans, soils,

and living organisms [1]. It is critical in the process of regu-

lating the global climate, as carbon dioxide (CO2) is among

the major greenhouse gases that cause global warming [2].

Anthropogenic activities, including fossil fuel combustion,

forest clearing, and land use, have played a major role in

altering the natural carbon cycle, and consequently, the in-

crease in the levels of CO2 in the atmosphere has contributed

to climate change. The dynamics of carbon cycling are,

hence, imperative in the development of strategies to curb

climate change, increase the level of carbon sequestration,

and sustainably manage the ecosystem [3,4].

Carbon cycling in natural ecosystems takes place in a

complex cycle that involves photosynthesis, respiration, de-

composition, and turnover of organic matter in soil. Plants,

algae, and other photosynthetic organisms sequester CO2

into the atmosphere through photosynthesis and transform

it into organic carbon, which is the foundation of the food

chain. Plants, animals, and microbes recycle carbon into the

atmosphere through respiration to produce CO2 and release

carbon into the soil through decomposing dead organic mat-

ter. Carbon is also locked up in the soil organic matter as

well as in biomass, and these carbon pools are also sensitive

to the conditions of the environment, such as temperatures,

moisture, and nutrient availability [5–7].

Human activities have altered managed ecosystems

containing agricultural lands, forests, and urban landscapes

to satisfy the needs of society [8]. Such changes may have a

serious impact on the natural carbon cycles. As an example,

agricultural activities, including tillage, monoculture, and

application of artificial fertilizer may alter the carbon equilib-

rium of soil by increasing the decomposition and decreasing

the carbon sequestration. Conversely, agroforestry and con-

servation tillage, as well as cover cropping, are sustainable

land management practices that can enhance carbon storage

in soils as well as increase the resilience of the ecosystem.

Equally, climate change can be reduced through forest man-

agement methods such as afforestation, reforestation, and

thinning of forests; this will raise the carbon stocks in the

trees and soil [9,10].

With the rising effects of climate change, the use of the

ecosystem in the absorption of carbon is getting more atten-

tion. The study of carbon cycling in natural and controlled

ecosystems has progressively increased in recent decades,

with better technologies and techniques for measuring and

modeling carbon fluxes. The use of remote sensing instru-

ments, eddy covariance devices, and isotopic tracers has

transformed how we now characterize carbon dynamics on

large spatial scales and through time [11]. Furthermore, the

emergence of computational models has also promoted the

knowledge of carbon cycling processes and their reaction

to environmental fluctuations [12]. The developments have

enabled a better prediction of the carbon fluxes amidst global

change, which is essential in informing climate policy and

land management policies.

Although progress has been made, there are still great

gaps in the knowledge of carbon cycling within the ecosys-

tem. The intricate interplay between carbon pools, the effects

of land-use change, and the ecosystem’s response to climate

variability is yet to be understood [13]. In addition, bridg-

ing the gap between scientific knowledge and policy/man-

agement practices is still a problem. To have a significant

improvement in efforts to reduce climate change, it would

be necessary to conduct interdisciplinary studies that cut

across ecology, agronomy, climatology, and socio-economic

sciences. Also, further intensive data acquisitions, such as

long-term monitoring of the variety of ecosystems, are re-

quired to produce a more realistic picture of the world’s

carbon processes.

The purpose of this review is to summarize the recent

studies on carbon cycling within natural and controlled sys-

tems, with an emphasis on their main findings and future

directions. It also outlines areas of critical knowledge gaps

and areas of priority in future research. Through review-

ing the carbon cycling processes within various ecosystems,

the review will provide a better understanding of the stor-

age, transformation, and release of carbon, which can be of

great importance in enhancing carbon management measures

and in guiding climate change mitigation programs. In the

end, the paper will help deliver to the accumulating body of

knowledge that is required to enable the promotion of max-

imizing sustainable land-use practices and global climate

objectives [14,15].

Next, we are going to examine the processes of carbon
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cycling in natural ecosystems, starting by understanding the

main aspects of carbon cycling, i.e., photosynthesis, respi-

ration, and the dynamics of carbon in soil [16,17]. Then we

shall look at carbon cycling within controlled ecosystems

and how agricultural, forestry, and urbanization activities

affect carbon sequestration [18,19]. The latest developments

in carbon cycling studies, technological discoveries, and

modeling solutions will be examined in more detail, and

the weaknesses and gaps that we cannot fully comprehend

about carbon dynamics will be evaluated [20]. We shall end

by finally concluding with future research directions and

the possible implications that could be given to policy and

ecosystem management.

2. Mechanisms of Carbon Cycling in

Natural Ecosystems

Carbon cycling in natural ecosystems is a dynamic pro-

cess that is very complex and entails a continuous flow of

carbon amongst the atmosphere, plants, soil, and microor-

ganisms [17]. It is these interactions that are supported by a

sequence of biological, physical, and chemical reactions that

regulate the storage, transformation, and release of carbon.

The processes have a crucial role in understanding how nat-

ural ecosystems help maintain carbon balances in the world,

particularly in climate change. Here, we discuss the major

processes in carbon cycling in natural ecosystems, such as

photosynthesis, respiration, soil carbon, and decomposition.

2.1. Photosynthesis and Carbon Fixation

The cycling of carbon in natural ecosystems is based

on a process known as photosynthesis, whereby plants, algae,

and other photosynthetic organisms absorb carbon dioxide in

the atmosphere and transform it into organic carbon [21,22]. It

mainly takes place in the chloroplasts of plant cells, whereby

the light energy is utilized to catalyze the transformation

of CO2 and water into glucose and oxygen. Photosynthe-

sis results in the production of glucose, which is the main

source of energy in plants that grow and reproduce. The

plants store carbon in their biomass as they grow, and this

process is effective in storing carbon in the form of com-

plex organic compounds. Forests, grasslands, wetlands, and

oceans are carbon sinks, which store high amounts of carbon

in the vegetation and biomass. These factors are tempera-

ture, precipitation, and the availability of nutrients, as they

determine or control the productivity of the plants as well

as the effectiveness of the carbon-fixing process. Figure 1

provides a conceptual diagram of carbon cycling in natural

ecosystems, illustrating processes such as photosynthesis,

respiration, and decomposition, and how carbon moves be-

tween the atmosphere, vegetation, soil, and decomposers.

Figure 1. Conceptual diagram of carbon cycling in natural ecosystems, showing key processes such as photosynthesis, respiration,

decomposition, and soil carbon dynamics.
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2.2. Respiration and Carbon Release

Respiration refers to the process through which organ-

isms such as plants, animals, and other microbes use organic

carbon to release energy that is used in cellular processes [23].

Mitochondria are the site of respiration in plants, during

which the glucose (generated in the process of photosynthe-

sis) is oxidized to generate energy, water, and carbon dioxide.

The carbon dioxide released in the respiration process is recy-

cled to the atmosphere, where it may be utilized by the plants

in another cycle. Likewise, the release of carbon through

respiration is also done by animals and soil microorganisms,

which metabolize the organic carbon of plants and other or-

ganic matter. Carbon fluxes are a controversial issue of the

photosynthesis and respiration balance in natural ecosystems.

Overall, in a state of high productivity of plants, the seques-

tration of carbon by photosynthesis exceeds the output of

carbon by respiration, leading to net carbon storage. This

balance, however, can be disturbed when an environmental

stressor is involved, such as drought, changes in temperature,

or nutrient deficiencies.

2.3. Soil Carbon Dynamics

The soil is an important part of the carbon cycle in

natural ecosystems, as it is both a storage place for carbon

and a producer of carbon dioxide. Soils contain organic car-

bon, either as litter of plants, root exudates, or biomass of

microorganisms, and this may last for different durations,

depending upon the type of soil and environmental condi-

tions [24]. The carbon pools in soil may be broadly divided

into two components: labile carbon that is easily degraded

by microorganisms, and stable carbon that cannot be easily

degraded by microorganisms and can exist in the soil over

centuries and even decades. Cycling of carbon in soil de-

pends on the factors: texture of soils, moisture content of the

soil, soil temperature, and soil microbial communities [25].

When in an ecosystem where microbial rivalry is high (e.g.,

tropical forests), a large percentage of carbon is quickly de-

graded and emitted as CO2. Contrastingly, colder or wetter

soils like the ones present in boreal and wetlands have the

ability to store carbon over a more significant duration, and

thus are crucial carbon sinks.

2.4. Decomposition and Carbon Recycling

One of the processes in the carbon cycle is decomposi-

tion, which guarantees that organic matter is recycled [26,27].

As plants, animals, and other organisms die, their organic

matter is decomposed by microbes in soil, fungi, and inverte-

brates. The complex organic substances, including cellulose

and lignin, are decomposed into the simple ones during the

process, including carbon dioxide, methane, and dissolved

organic carbon. Temperature, moisture, and chemical com-

position of the organic matter are some of the factors that

affect the rate of decomposition. As an example, in tropical

ecosystems, high temperatures and moisture ensure prompt

decomposition, which restores carbon to the atmosphere in

CO2 form. Conversely, decomposition in cold conditions is

slower and, in such conditions, lower activities of microor-

ganisms result in the storage of organic matter in the soil,

thereby increasing the storage of carbon. Decomposition is

also known to create humus, a stable state of organic carbon

that may be able to remain long in soils.

The most important processes of carbon cycling in nat-

ural ecosystems, such as photosynthesis, respiration, decom-

position, and soil carbon dynamics, form the basis of under-

standing the capture, storage, and release of carbon in natural

ecosystems, as illustrated in Table 1 [28].

Table 1. Overview of processes in carbon cycling in natural ecosystems, including photosynthesis, respiration, decomposition, and soil

carbon dynamics.

Process Description Carbon Pools Main Carbon Fluxes

Photosynthesis
Conversion of CO₂ into organic

carbon by plants and algae
Vegetation (biomass), Atmosphere Carbon uptake from the atmosphere

Respiration

Breakdown of organic carbon by

plants, animals, and

microorganisms

Vegetation (biomass), Soil,

Atmosphere
CO₂ released to the atmosphere

Decomposition
Breakdown of organic matter by

microbes and soil organisms

Soil organic matter, Decomposing

biomass

CO₂, Methane (CH₄) released into

the atmosphere

Soil Carbon Dynamics
Storage and transformation of

carbon in soils
Soil (organic and inorganic carbon) Carbon sequestration and release
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2.5. Carbon Pools and Fluxes in Natural

Ecosystems

The natural ecosystems are typified by different pools

of carbon with their turnover rates and storage capacity.

These reservoirs are the atmosphere, vegetation, soils, and

oceans, all of which are interconnected and exchange carbon

via a series of fluxes. Carbon pools are different in size and

distribution depending on the type of ecosystem. Forests and

grasslands are the most important terrestrial carbon sinks.

Carbon is stored in the above-ground biomass (trees and veg-

etation) and in the below-ground biomass (roots and organic

matter of soil). Wetlands are also significant carbon sinks,

especially peatlands, which contain a lot of carbon in the

soils, which are wet and thus slow to decompose. Although

grasslands are not as dense a storage of carbon as forests

and wetlands, they also play an important role in the global

carbon cycle through soil carbon storage and root turnover.

The carbon flow between these pools is very dynamic and

may be affected by land use, climatic conditions, and other

perturbations like fire and drought [29,30].

2.6. Impact of Climate Change on Carbon Cy-

cling

Climate change can also cause a tremendous shift in

carbon cycling in natural ecosystems. The changes in tem-

perature, changes in precipitation, and frequency of extreme

weather events can be used to influence both mechanisms

of carbon uptake and release. To illustrate, an increase in

temperatures can result in an increase in the rate of plant

respiration and microbial activity in soils, thus increasing

the amount of CO2 produced. On the same note, precipita-

tion alteration can affect plant productivity and water supply,

which can decrease carbon sequestration in certain ecosys-

tems. Climate change can also change the balance between

carbon storage and carbon release in the soils, especially in

high-latitude regions, including tundra and boreal forests,

where thawing permafrost might cause large stores of carbon

in the soils to release into the atmosphere. Moreover, ocean

warming and acidification are likely to have an effect on

marine carbon cycling by influencing phytoplankton photo-

synthesis capacity or the oceans’ CO2 absorption capacity.

These transformations highlight the importance of having

an in-depth account of carbon cycling in natural environ-

ments, and more so in the face of environmental change in

the world [31,32].

3. Carbon Cycling in Managed

Ecosystems

Human activity has altered managed ecosystems to a

large extent, especially in agricultural farms, forests, and

urban landscapes, to suit the demands of society [8]. Such

alterations may significantly influence the process of car-

bon cycling in terms of carbon sequestration and emission.

Whereas natural processes and disturbances determine the

composition of natural ecosystems, land-use activities, in-

cluding farming, forestry, and urban development, change

the carbon storage-release balance in the managed ecosys-

tem. In this section, the authors will discuss the processes of

carbon cycling in the controlled ecosystem, how various land

management systems can influence carbon processes, and

what the prospects are for enhancing carbon sequestration

and carbon emission reduction.

3.1. Agricultural Practices andCarbonCycling

One of the most notable human-made changes to the

carbon cycle is agriculture. Farming, in terms of tillage,

monoculture farming, and synthetic fertilizer use, can sig-

nificantly affect both the sequestration and release of car-

bon [33,34]. An example is tillage, which disrupts the soil

makeup and causes the decomposition of organic matter to

occur too swiftly, releasing the stored carbon as CO2. The

extensive farming practices also limit the capacity of the soil

to store carbon by reducing the organic matter content and

interfering with the microbial ecosystem of the soil. Also,

monoculture cultivation (i.e., planting one species of crops

over large plots of land) may cause a lack of nutrients in the

soil and a loss of biodiversity, thus limiting the ability of

the soil to store carbon. Conversely, agroforestry, crop rota-

tion, and conservation tillage practices have been observed

to increase the level of carbon sequestration by promoting

soil health, plant, and microbial diversity. Cover crops and

less tillage can be used to preserve carbon stocks in the soil

because it decreases the erosion and enhance the input of

organic matter.

Additionally, farmers use synthetic fertilizers on their

farms, which, in addition to increasing crop productivity,
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also lead to the release of nitrous oxide (N2O), which is

a strong greenhouse gas [35]. Application of fertilizers can

also change the microbial communities in the soil, whereby

some processes like the denitrification process will be en-

couraged, resulting in the release of N2O. These emissions

can be curtailed by the management of the use of fertilizers,

as well as the use of organic farming methods, which will

increase the sequestration of carbon in the agricultural sys-

tems. They include integrated solutions (like agroecology

and regenerative agriculture) to provide a balance between

agricultural output and carbon sequestration and environ-

mental sustainability.

3.2. Forest Management and Carbon Dynam-

ics

Forests are also considered one of the most signifi-

cant terrestrial ecosystems in terms of carbon sequestra-

tion, as they accumulate high levels of carbon in the above-

ground biomass (trees and vegetation) and in the below-

ground biomass (roots and soil organic matter) [36,37]. The

afforestation, reforestation, and sustainable harvesting as for-

est management practices can have major effects on carbon

flux in forest ecosystems. Planting of trees in regions where

trees have not been planted will help in augmenting the soil

carbon storage by creating new carbon sinks through a pro-

cess known as afforestation. On the same note, reforestation,

which is a process of replenishing forests that have been

destroyed or damaged, will also be useful in replenishing the

lost stocks of carbon and increasing biodiversity.

Sustainable forest management practices are used to

ensure that carbon storage is maintained or enhanced, and

society demands timber, fuelwood, and other forest prod-

ucts [38,39]. Carbon losses linked with the timber harvest-

ing process and the process of forest degradation can be

minimized through practices like selective logging, reduced-

impact logging, and preservation of forest structure and bio-

diversity. Nonetheless, unsustainable logging activities (e.g.,

clear-cutting) may cause massive release of biomass and soil-

bound carbon to the environment, raising the atmospheric

CO2 levels. Climate change is also a major cause of forest

fires in certain areas, which in turn pose a considerable threat

to carbon reserves as the biomass burns and the carbon is

released into the atmosphere at a rapid rate.

Besides the direct effects of forest management activi-

ties, land-use changes, including urbanization and agricul-

ture, also affect the forest ecosystems and may contribute

to the disappearance and fragmentation of forest landscapes.

Deforestation is one of the greatest causes of carbon emis-

sions, as it causes a decrease in the capacity of the land to

absorb carbon, and the carbon that is stored in trees and soils

is released. In order to overcome these effects, it is necessary

to have policies that encourage forest conservation, reforesta-

tion, afforestation, and sustainable management of forests to

increase carbon sequestration in forest ecosystems [40,41].

3.3. Urbanization and Land Development

Urbanization and land development, such as the devel-

opment of infrastructure, industrialization, and the establish-

ment of residential areas, can greatly change carbon cycling

in local and global systems. The cities have dense popula-

tions, transport systems, and energy demands that lead to

high carbon emissions. The burning of fossil fuels is the

main source of carbon emissions. In addition to this, urban-

ization also affects the natural carbon cycle through changes

in land cover and natural ecosystems. Urban sprawl usu-

ally results in the transformation of agricultural land, forests,

and wetlands into impervious surfaces, which include roads,

buildings, and parking lots, significantly lowering the capac-

ity of the land to capture carbon [42].

Despite these difficulties, there is also an opportunity

for carbon management in urban ecosystems. Green areas in

cities can contribute to the reduction of the carbon footprint

through elevated local carbon sequestration and improved air

quality in cities (parks, gardens, and green roofs). Planting of

trees in cities is also a significant measure toward enhanced

carbon storage in cities. Moreover, the carbon footprint of

urban centers can beminimized by the introduction of sustain-

able urban planning practices, e.g., energy-saving buildings,

transportation systems, and encouraging renewable energy

sources. Cities can limit their net emissions and become part

of the global climate by incorporating carbon management

approaches into the development of their cities [43,44].

3.4. Carbon Sequestration Technologies in

Managed Ecosystems

Besides the natural process, managed ecosystems can

be lucky to have emerging technologies that focus on in-
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creasing carbon capture. Bioenergy with carbon capture and

storage (BECCS) is one of the most eminent technologies be-

cause it involves both the generation of bioenergy (biomass)

and the separation of the CO2 and storage. With the right

carbon sequestration ability of the biomass-energy source

and the ability to capture carbon effectively, this method can

generate carbon-neutral (or even carbon-negative) energy.

BECCS can be incorporated into the agricultural and forestry

systems, whereby crops, wood, and other organic substances

are utilized to make energy [45].

Other carbon sequestration methods, like soil carbon

capture, entail the process of enhancing the natural processes

that stimulate carbon sequestration in soils [46]. Some prac-

tices, like biochar application that incorporates the pyrolysis

of organic substances to form a stabilized form of carbon that

can be incorporated into soil, have been investigated as pos-

sible ways of augmenting carbon stocks in soils. Moreover,

the application of afforestation and reforestation initiatives

to reclaim degraded lands and create carbon sinks is also

picking up as a cost-effective method of reducing climate

change. When used with sustainable management of the land,

these technologies may serve to maximize carbon seques-

tration in the managed ecosystems. Table 2 compares the

carbon sequestration potential of different ecosystem types,

highlighting the role of forests, wetlands, grasslands, and

agricultural lands in carbon storage and fluxes.

Table 2. Carbon sequestration potential in different ecosystem types, comparing the carbon storage and sequestration mechanisms across

forests, wetlands, grasslands, and agricultural systems.

Ecosystem Type
Carbon Storage

(g C/m2/year)
Carbon Sequestration Mechanism Vulnerabilities

Tropical Forests 400–700 Photosynthesis, soil carbon storage
Deforestation, land-use change, climate

impacts

Temperate Forests 200–300 Photosynthesis, long-term soil storage Logging, forest degradation

Grasslands 150–250 Root turnover, soil carbon accumulation Overgrazing, soil erosion

Wetlands (Peatlands) 500–1,500 Anaerobic decomposition, soil organic carbon Draining, land conversion to agriculture

3.5. Challenges and Opportunities in Managed

Ecosystems

Although there are considerable opportunities for car-

bon sequestration in managed ecosystems, there are some

challenges that should be overcome in order to maximize

its benefits. The initial issue is the competition for land use.

Carbon sequestration is often in conflict with agricultural

growth, urbanization, and infrastructure development. More-

over, management of land should be sustainable in terms of

productivity and sustainability, so as not to cause soil carbon

depletion or ecosystem destruction through agricultural and

forestry activities. Climate change itself creates a problem

as well, since the effectiveness of the carbon sequestration

strategies can be impacted by the rising temperature, the way

precipitation patterns change, and the rising frequency of

extreme weather events [47].

Nevertheless, there are also substantial opportunities to

mitigate climate change using managed ecosystems. Carbon

sequestration can be increased by sustainable land manage-

ment practices that promote soil health, biodiversity, and

ecosystem services, increase food security, and mitigate cli-

mate change. The great importance of managed ecosystems

in lowering atmospheric CO2 concentrations and of climate

change impact can be achieved by incorporating carbon man-

agement strategies in agricultural, forestry, and urban plan-

ning [48,49].

4. Recent Advances in Carbon Cy-

cling Research

Minor strides in carbon cycling research over the past

few years have greatly boosted the knowledge on the process

of cycling of carbon in natural and contrived ecosystems. The

increased demand to address the issue of climate change has

been followed by a global campaign to refine measurement

methods, create new models, and understand the contribu-

tion of ecosystems to carbon sequestration and greenhouse

gas emissions. The developments are critical in developing

more precise forecasts of future carbon processes and also in

influencing policies and management plans to curb climate

change. Here, we will discuss the most recent developments

in the study of carbon cycling, including technological and

modeling aspects, and the effects of climate variability on

carbon [50].
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4.1. Technological Innovations in Carbon Mon-

itoring

The carbon fluxes in the ecosystems have been altered

by technological advancements in terms of measuring and

monitoring. Conventional techniques used to measure car-

bon, including soil sampling and direct observation, have

been complemented by more advanced instruments that can

be used to measure carbon dynamics on a large scale in a

high-resolution manner. Satellites and unmanned aerial ve-

hicles (UAVs), which are remote sensing technologies, have

taken over in the monitoring of vegetation cover, biomass,

and land-use changes. These devices are capable of giv-

ing real-time information about carbon stocks on expansive

landscapes and hence can estimate the rate of carbon seques-

tration across various ecosystems and determine the effects

of land management practices [51,52].

The application of eddy covariance systems, which

determine the exchange of CO2 and other gases between

the atmosphere and the earth’s surface, is one of the most

important developments in carbon monitoring [53]. These

systems are used to continuously and with high frequency

record carbon fluxes at different ecosystems such as forests,

grasslands, and even agricultural areas. This technology has

enhanced our comprehension of the exchange of carbon in

the ecosystems, and it has enabled researchers to examine the

impact of environmental factors, including temperature and

moisture, on carbon cycling. Also, isotopic tracers that track

the movement of carbon in ecosystems through stable carbon

isotopes have given information on the dynamics of carbon

in soil, decomposition, and carbon sources in various ecosys-

tems. A combination of these technological advances has

facilitated increased monitoring of carbon fluxes on a large

scale and more accurately, which is important in informing

climate change mitigation.

4.2. Advances in Carbon Cycling Models

Efforts in modeling have also advanced remarkably in

recent years, contributing to the improved predictability of

carbon dynamics under altering environmental conditions [54].

Models play a vital role in the comprehension of complicated

interactions between pools and flows of carbon in the natu-

ral and managed ecosystems. They enable the researcher to

model the outcomes of various land management regimes,

climate conditions and interference events on carbon cycling

over time. Models of the new generation, including machine

learning and artificial intelligence ones, have helped enhance

the simulation of carbon fluxes more accurately [55]. These

models are capable of combining a vast type of data from var-

ious sources such as remote sensing, field observations and

experimental studies in order to produce predictions on the

sequestration of carbon, as well as its emissions, in diverse

ecosystems. In addition, these models have the ability to

take into consideration non-linear processes like the carbon

cycling feedback loop with climate change, which were not

easy to model before.

Among the most remarkable contributions to the mod-

eling of carbon cycling is the creation of ecosystem models

that incorporate the impact of land-use change, loss of biodi-

versity, and socio-economic factors on carbon fluxes. The

models enable a more holistic evaluation of the role of human

activities such as agriculture, deforestation, and urbanization

on natural processes in order to alter the carbon cycles around

the globe. Process-based models that are simulated models

of biological, physical, and chemical processes that drive car-

bon fluxes have also become more common. These models

have helped to gain some important insights into the role of

plants, soil organisms, as well as microbes in the carbon cy-

cling process; they are still undergoing further development

as more information becomes available [56]. Figure 2 illus-

trates the different technological approaches used to monitor

carbon fluxes in ecosystems, highlighting their applications

and respective advantages and limitations.

4.3. Impact of Climate Variability on Carbon

Cycling

Recent studies have placed more emphasis on the role

of climate variability in carbon cycling in natural and man-

aged ecosystems. Climate change is likely to induce some

changes in the carbon cycle in ecosystems by manipulating

some of the most important processes, such as photosyn-

thesis, respiration and decomposition. An increase in tem-

perature, a change in the magnitude of precipitation, and

the occurrence of extreme weather conditions are likely to

influence the effectiveness of plants in taking in carbon and

soils in releasing carbon [57,58].
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Figure 2. Technological approaches to monitoring carbon fluxes in ecosystems, illustrating the application of remote sensing, eddy

covariance systems, and soil carbon sensors in carbon cycle research.

The possibility of positive feedback between climate

change and carbon cycling is one of the areas of special con-

cern [59]. As an example, when temperatures get higher, there

is a possibility of increased soil microbial activity, which

results in faster rates of decomposition and the release of

CO2 that is stored in soils. On the same note, higher tem-

peratures and the change of the precipitation pattern could

lead to a decrease in plant productivity, which narrows down

the possibilities of carbon sequestration. There are specific

ecosystems that are susceptible to these changes, e.g., boreal

forests and wetlands, which are commonly vulnerable be-

cause their soils are rich in carbon and are prone to warming

and drying. The melting of permafrost in the Arctic, such as

that, can potentially cause significant amounts of methane

and CO2, which will further increase global warming.

Another area of research has been on the impact of

extreme events on perturbing the carbon cycle, including

droughts, floods, and forest fires [58]. Extremes in weather

conditions may cause a substantial change in terms of carbon

storage and fluxes. As an example, the long-term droughts

may decrease the productivity of plants and raise their vul-

nerability to forest fires that can emit many carbon stores in

biomass and soils. On the same note, floods may also cause

changes in soil carbon by changing the microbial communi-

ties and accelerating the rate of organic matter breakdown.

4.4. Biological Innovations in Carbon Capture

Along with technical and modeling progress, insights

into the ways through which biological innovations help to

increase carbon capture and storage have beenmade. Genetic

modification of plants to enhance their capacity to sequester

carbon is one of the fields of research that has considerable

potential [60]. Researchers are trying to develop plants with a

higher photosynthetic rate, which would enable them to ab-

sorb more CO2 in the atmosphere and store it in their biomass

or roots. Also, there are attempts to create crops with a deeper

root system, which would lead to higher carbon storage in

the soil, as it would add to the quantity of organic matter in

the soil.

Microbial novelties are also being investigated to in-

crease the process of carbon cycling [61]. Themicroorganisms

present in soil are very important in the breakdown of car-

bon and the stabilization of organic carbon in soils. Studies

are examining ways to control microbial communities to

enhance carbon sequestration by enhancing the stability of

soil organic matter. Indicatively, there are known examples

of bacteria and fungi found on soil that enhance the growth

of stable carbon compounds, which can last in the soil long

enough. The knowledge and utilization of these microbial

mechanisms may result in more effective ways of capturing

carbon in soils and positively change the soil condition of

farming systems.

4.5. Carbon Feedbacks and Global Carbon

Budgets

Carbon feedback as a concept has received more and

more interest in recent years, especially as it applies to cli-

mate change. Carbon feedbacks denote how climate changes

or the carbon cycle changes are affected by carbon changes or

sequestration [59]. As an example, higher temperatures might

cause more decomposition, which would produce more CO2

in the atmosphere and contribute to global warming. Equally,

alteration in the distribution of precipitation may also change

the productivity of ecosystems, which means that they will

not be able to store carbon.

Studies of these feedback processes have indicated how
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multifaceted the carbon cycle is and how difficult it is to pre-

dict future carbon interactions. This feedback is important in

understanding the future curve of global carbon budgets and

in the process of coming up with effective mitigation mea-

sures for climate change. Through consideration of feedback

in carbon models, researchers are in a position to produce

more valid forecasts of the manner in which ecosystems

will react to future climatic conditions and also how human

actions will relate to the natural carbon cycles [62].

5. Challenges and Gaps in Under-

standing

Although this field has come a long way toward re-

search in carbon cycling, there are a number of shortcomings

and gaps in our knowledge of carbon flow within natural

and managed ecosystems. Such gaps prevent the formu-

lation of more tangible models and efficient approaches to

combating climate change bymeans of better carbonmanage-

ment. These challenges can be attributed to the complexity

of the carbon cycle, the inconsistency in the responses of

ecosystems to climatic changes, and the inability to combine

scientific knowledge with policy. Here, we discuss some of

the major barriers to research in the field of carbon cycling,

such as limitations in the data, ecosystem complexity, and

the synthesis of interdisciplinary knowledge [63–65].

5.1. Complexity of Carbon Cycling in Ecosys-

tems

The carbon cycle is a complex process by its nature, as

it encompasses a wide variety of biological, chemical, and

physical processes, and the number of interacting factors that

affect carbon fluxes within ecosystems is huge [66]. These

interactions are imperative to comprehend, but difficult. An

example is that carbon processes differ in all ecosystems

(forests, wetlands, grasslands, and agricultural lands); each

has its own processes, pools of carbon, and fluxes. Further-

more, it is complicated by the interaction between carbon,

nitrogen, phosphorus, and other nutrients, which makes the

study of ecosystem functioning and carbon cycling a bit

harder.

The heterogeneity of ecosystems is one of the major

problems [67]. Carbon cycling is not equally distributed on a

landscape scale; it is affected by the local conditions, which

include the type of soil, composition of plant species, mois-

ture conditions, temperatures, and microbial activities. This

inconsistency complicates the application of generalized

carbon-cycling models to other ecosystems or forecasting

the influence of alterations in one aspect of an ecosystem

on carbon transfers in other aspects. As an example, carbon

cycling response to droughts could vary between tropical

forests and temperate grasslands because of the differences

in the physiology of the plants and water retention in the

soils. One of the main causes of uncertainty in future carbon

dynamics predictions is the challenge of integrating spatial

and temporal variability in carbon models.

5.2. Data Limitations and Monitoring Gaps

The lack of data, along with its quality, is an important

obstacle to further research on carbon cycling [20]. Although

new ways of measuring carbon fluxes, such as remote sens-

ing and eddy covariance systems, have been made available

with the use of technology, there remain some gaps in data,

especially in remote areas or underrepresented ecosystems.

Carbon cycling depends on long-term data collection to com-

prehend the response of carbon cycling to interannual climate

variability, in addition to long-term alterations like climate

change, land-use changes, and ecosystem degradation. But

the long-term monitoring stations in distant or unstable po-

litical areas are usually logistically challenging and costly to

install.

In addition, no unified procedures exist for the measure-

ment of carbon in soils and vegetation in various ecosystems,

which may create gaps in data collection and reporting [68].

Such a non-standardization complicates the possibility of

comparing results across the studies and may lead to imped-

iments to creating a comprehensive global carbon budget.

Specifically, carbon dynamics in the soils are frequently

poorly comprehended because of the issues related to the

accurate measurement of soil organic matter, particularly that

in deep or inaccessible layers of soil. This lack of knowledge

constrains our capacity to evaluate the real capacity of soils

to serve as carbon sinks, especially in the tropical, boreal

and wetland ecosystems.
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5.3. Understanding Ecosystem Feedbacks and

Non-Linearities

Another important gap in the current research is the

feedback mechanism between carbon cycling and climate

change. Feedbacks are processes where a change in a section

of the carbon cycle causes other changes that may enhance

or reduce the initial change. Such feedback may either be

positive or negative. An example of this is that higher tem-

peratures could cause an increase in the decomposition of

soils and more CO2 in the atmosphere, which in turn causes

acceleration of climate change—a positive feedback loop.

Conversely, an improved growth of plants as a result of el-

evated CO2 levels may raise vegetative carbon uptake in

plants, which will serve as a negative response [69].

This feedback is important for the proper prediction

of future carbon dynamics. Non-linear interactions between

carbon cycling and climate drivers are, however, not always

easy to model. The example is that even minor variations in

temperature or precipitation can have a disproportionately

high impact on carbon fluxes, especially in sensitive ecosys-

tems like wetlands or permafrost areas. On the same note, the

interaction of various stressors, such as droughts, fires, and

temperature increases, on carbon cycling is not well known,

and it is difficult to forecast. Further studies are required to

help us better understand these complicated feedbacks and

their contribution to the global carbon cycle regulation [59].

5.4. Integration of Interdisciplinary Knowl-

edge

The other challenge that is of great importance in car-

bon cycling research is the ability to incorporate knowledge

from various fields. The processes of carbon cycling are

affected by numerous biological, chemical, physical, and

social factors, and this implies that the complex processes of

carbon in ecosystems can only be comprehensively addressed

on interdisciplinary grounds. There should be collaboration

among ecologists, climatologists, agronomists, soil scien-

tists, and others to come up with combined models and ideas

that would address all by looking at the entire carbon cycling

process, starting with the physiology of plants and ending

with land-use policies [70].

Nevertheless, the fusion of the knowledge of such dif-

ferent fields does not always take place. Such differences

in the disciplines in terms of approaches, terminologies, and

methodologies may be barriers to communication and collab-

oration. Additionally, most studies are also concerned with

a particular aspect of the carbon cycle, e.g., carbon fluxes in

soil or vegetation, but pay no attention to how these areas

respond to each other. To come up with effective strategies to

manage carbon, a more holistic approach to the interactions

of carbon pools, ecosystem services, and human interactions

of humans is necessary [71].

Furthermore, integrating scientific research with policy-

making remains a persistent challenge [72]. While scientific

advances provide essential information on carbon cycling,

translating this knowledge into actionable policies and land

management practices requires close collaboration between

researchers, governments, and stakeholders. In many cases,

there is a disconnect between scientific recommendations

and the political or economic realities that shape land-use

decisions. Bridging this gap and ensuring that scientific

research informs policy will be crucial for addressing cli-

mate change and promoting sustainable land management

practices. Table 3 summarizes the primary challenges and

knowledge gaps in carbon cycling research, including data

limitations, ecosystem complexity, and the need for a better

understanding of feedback mechanisms. Figure 3 illustrates

the feedback loops in the carbon cycle, showing how changes

in carbon fluxes can create positive or negative feedback,

influencing global warming and climate change.

Table 3. Challenges and knowledge gaps in carbon cycling research: Summarizing the main obstacles to improving our understanding of

carbon dynamics and carbon management strategies.

Challenge Description Research Gap
Implications for Carbon

Management

Data Limitations

Insufficient long-term data and

inconsistent methodologies for

measuring carbon fluxes

Need for more standardized, global

data

Hinders global carbon budget

estimation

Ecosystem Complexity

Variability of carbon cycling across

different ecosystems and

environmental conditions

Lack of models that integrate

ecosystem heterogeneity

Impedes accurate prediction of

carbon dynamics
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Table 3. Cont.

Challenge Description Research Gap
Implications for Carbon

Management

Feedback Mechanisms

Understanding the interactions

between climate change and carbon

cycling processes

Limited understanding of non-linear

feedbacks

Affects future climate predictions

and mitigation strategies

Integration of

Knowledge

Collaboration across disciplines to

enhance ecosystem and policy

integration

Need for better interdisciplinary

cooperation

Limits the effectiveness of carbon

management strategies

Figure 3. Global carbon feedbacks and climate change, depicting the positive and negative feedbacks in the carbon cycle and their

implications for future climate scenarios.

5.5. Socio-Economic Factors and Carbon Man-

agement

Socio-economic factors profoundly influence the im-

plementation of effective carbon management strategies in

managed ecosystems, often determining whether scientifi-

cally sound practices are adopted on the ground. Economic

constraints, land tenure systems, and local political dynamics

directly affect the feasibility and uptake of carbon seques-

tration practices. For instance, farmers and landowners may

resist adopting conservation tillage or agroforestry when

upfront costs are high, benefits accrue over long time hori-

zons (often 5–10+ years), and land tenure is insecure, renters

or short-term leaseholders have little incentive to invest in

soil carbon improvements they will not personally benefit

from [73].

Carbon credit markets represent one prominent mech-

anism to incentivize carbon sequestration; yet their prac-

tical application reveals significant socio-economic barri-

ers. Voluntary carbon markets (e.g., Verra’s Verified Carbon

Standard, Gold Standard) allow agricultural and forestry

projects to generate tradeable credits. However, smallholder

farmers in developing regions face prohibitive transaction

costs, including baseline establishment, third-party verifi-

cation (often $5,000–$20,000 per project), and monitoring

requirements, that effectively exclude them from participa-

tion. A case study from sub-Saharan Africa found that fewer

than 5% of smallholder farmers could access carbon markets

despite adopting improved agricultural practices, primarily

due to high upfront validation costs and a lack of technical

assistance.

Payment for Ecosystem Services (PES) programs offer

another approach, where governments or private buyers com-

pensate landowners for carbon sequestration. Costa Rica’s

national PES program (PSA) has successfully incentivized

reforestation and forest conservation since 1997, sequester-

ing an estimated 8–10 million tons of CO₂ annually. How-

ever, implementation challenges persist: monitoring and

enforcement costs remain high, and wealthier landowners

disproportionately enroll lands with lower opportunity costs,

while poorer households face barriers related to formal land

titling requirements. China’s Sloping Land Conversion Pro-

gram, the world’s largest PES initiative, similarly achieved

significant carbon gains but also generated equity concerns,
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as compensation rates often failed to match lost agricultural

income for the poorest participants [74].

Additional socio-economic barriers include: (1) mis-

aligned subsidy regimes, as many agricultural subsidies in

developed economies still support conventional tillage and

synthetic fertilizer use rather than carbon-enhancing prac-

tices; (2) risk aversion among smallholders, who cannot

afford potential yield declines during transitions to carbon-

friendly practices; (3) a lack of technical extension ser-

vices for practices like biochar application or rotational graz-

ing; and (4) land use competition, where carbon sequestration

conflicts with food production or urban development pres-

sures, particularly in rapidly urbanizing regions of Southeast

Asia and sub-Saharan Africa.

Addressing these barriers requires policy designs that

explicitly account for local socio-economic contexts. Promis-

ing approaches include bundled carbon credits that aggregate

smallholder projects to reduce per-participant transaction

costs, results-based PES with upfront financing to alleviate

liquidity constraints, and community-led monitoring systems

that lower verification expenses. Future research should

prioritize quantifying the socio-economic trade-offs of car-

bon management strategies and evaluating which incentive

mechanisms achieve both carbon outcomes and equitable

participation across diverse landowner types.

6. Conclusion and Future Research

Directions

The carbon cycle is a very significant process that de-

termines the climate and the regulation of ecosystems on

Earth. Knowledge of carbon cycling in natural and managed

ecosystems is crucial to the formulation of effective carbon-

reduction strategies to promote carbon sequestration and

sustainable land management processes. In the last several

decades, the scientific knowledge about carbon cycling has

evolved greatly, both in the technological discovery of the

monitoring and modeling of carbon cycling, as well as the

understanding of the effect of climate change on the carbon

dynamics within the ecosystem. Nevertheless, even with

such improvements, there are still considerable limitations

and areas of ignorance, with ecosystem feedbacks, data con-

straints, and interdisciplinary research synthesis being the

key ones.

Carbon cycling in natural ecosystems involves intricate

interrelationships among plants, soils, microbes, and atmo-

spheric processes. These processes are very environmentally

sensitive in terms of temperature, moisture, and nutrient avail-

ability. Human activities like agriculture, forestry, and urban-

ization in managed ecosystems have brought drastic changes

to the natural carbon cycle. Although the managed ecosys-

tems provide a way of carbon sequestration, the dilemma

lies in the fact that there is a need to balance between land

productivity and carbon storage, particularly in light of the

ever-increasing human population and climate change.

Recent developments in technologies to support the

monitoring, including remote sensing, eddy covariance sys-

tems, and isotopic tracers, have enhanced our ability to pro-

vide carbon fluxes over scales and time. Moreover, the de-

velopment of computational models and the incorporation of

ecosystem feedbacks have made it possible to predict more

accurately the characteristics of ecosystem feedbacks to cli-

mate change and human actions. Despite these advances,

there are gaps in knowledge, especially in relation to the

intricacies of carbon cycling within diverse ecosystems, the

variability of carbon fluxes both across space and time, and

how extreme events and feedback processes influence the

dynamics of carbon.

In the future, such gaps are going to need to be filled

through further interdisciplinary research incorporating ecol-

ogy, climatology, agronomy, soil science, and economics.

Innovations in data gathering, such as long-term observations

of carbon stocks and carbon fluxes in various ecosystems,

will be instrumental in enhancing carbon models and coming

up with better initiatives to limit climate change. In addition,

further studies are needed to better understand the hybrid

interaction between carbon, nitrogen, and other nutrients in

ecosystems and the role of microbial communities in carbon

sequestration. Incorporation of biology innovations, includ-

ing genetically engineered plants and soil microorganisms,

has the potential to increase carbon storage in soils and plants.

Politically, more needs to be done to ensure a balance

between scientific research and climate action. Strategies

aimed at carbon management should be based on sound sci-

entific evidence and specific to the conditions of various

areas and ecosystems. The socio-economic impact of the

policies towards carbon management should also be taken

into account by the policymakers so that the solutions would
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not only be effective in terms of the environment but also

socially in terms of equity. The participation of various sec-

tors, such as agriculture, forestry, urban planning, and local

communities, in the development and application of carbon

sequestration practices at the landscape level will be essen-

tial.

Conclusively, although the challenges are very high,

the possibilities of the ecosystems to help mitigate climate

change due to better carbon sequestration are enormous. Fur-

ther investigation of the carbon cycling mechanisms, along

with new management approaches and policy frameworks,

provides a way to combat climate change. With further under-

standing of the dynamics of carbon and applying scientific

knowledge to practical solutions, we will be able to exploit

the full potential of both natural and managed ecosystems to

lower atmospheric CO2 and solve global warming. The re-

search on carbon cycling in the future is to fill existing gaps,

optimize carbon management practices, and evolve global

collaboration that will result in the attainment of long-term

sustainability as well as climate resilience.
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