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Abstract

Global carbon budgets attribute an incomplete role to cultivated plants due to
the exclusion of annual crops, since they are not considered to result in net car-
bon accumulation. Using FAO agricultural and forestry production statistics,
this study re-evaluates the amounts of CO, captured, stored, and restituted by
cultivated plants, explicitly including annual crops, forage crops, forest products,
and non-marketed plant parts. A stoichiometric and probabilistic approach is
developed to describe photosynthetic carbon capture and restitution temporal
dynamics. The results show that the net cultivated plants balance was a 3.1 + 0.7
GtCO,/year sink on average since 1970, with a 10.7 + 2.9 years average half-life.
This annual contribution of cultivated plants to atmospheric carbon storage in
organic form is sufficient in both quantity and duration to be included in carbon
budgets. Among them, annual crops accounted for approximately 27% of total
carbon sequestration with a 6-year retention time, thus invalidating their exclu-
sion from the carbon budgets. The strong correlation observed between the
global human population size and the main carbon budget elements allows for
projections up to the end of the 21st century. These projections, adjusted by the
United Nations’ median population scenario, suggest that the cultivated plants’
carbon sink would reach zero around the time of the global population peak be-
fore reversing. The carbon stocks built by these plants increased by 43 GtC be-
tween 1970 and 2024 and would increase by a further 21 GtC by the time of the
population peak before declining. Around the same time, the carbon sink consti-
tuted by the ocean, human wastes, and unexploited land areas would peak at 25
GtCO,/year and the atmosphere at 24 GtCO,/year, with atmospheric CO, con-
centrations reaching 600 ppm. Emissions from fossil fuel combustion would peak
at 48 GtCO,/year by this same time before declining. These results highlight the
significant role of cultivated plants in the carbon cycle and show that excluding
annual crops leads to a substantial underestimation of continental carbon sinks.
They call for a revision of carbon accounting methods and a full integration of
agriculture and livestock farming into global carbon budgets.
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1. Introduction

Because greenhouse gases in the atmosphere could influence Earth’s climate, at-
tention has been focused for several decades on exchanges involving CO,. The
global warming that has been occurring for half a century at a rate of 0.19°C every
10 years (Met Office Hadley Centre, 2022) is thought to be a consequence of the
release into the atmosphere of fossil fuels combustion CO, since the beginning of
the industrial era. The atmospheric CO, concentration (ACC) increased from 270
parts per million by volume (ppm) in the mid-19th century to 420 ppm in 2024.
According to IPCC (2021), CO, emissions from human activities during the dec-
ade 2010-2019 were due to the combustion of fossil fuels (81% - 91%), with the
remainder being the net CO, flux related to land-use change and land manage-
ment. These emissions are estimated to have three destinations: 46% accumulated
in the atmosphere, 23% absorbed by the ocean, and 31% by terrestrial vegetation.

Plants are cultivated to meet humanity’s needs for food (cereals, vegetables,
fruits, etc.), textiles (cotton, linen, hemp, etc.), ornamental purposes (tobacco,
grapes, flowers, etc.), heating, and construction. They achieve atmospheric CO,
direct capture, then the polymerization of carbon into biomass according to the
process of photosynthesis at the origin of life on Earth. Carbon capture and stor-
age in marketed plant products from agriculture, livestock farming, and forestry
was estimated (Muller-Feuga, 2024a) at 21 billion tons of carbon dioxide per year
(GtCOy/yr) in 2022. Subsequently, the non-commercial parts of these products
were considered (Muller-Feuga, 2024b), which attributed 41.0 = 0.6 GtCO,/yr to
whole cultivated plants, with a dry weight-weighted average storage duration of
26.3 £ 2.0 years in 2022. The analysis was complemented by an examination of the
evolution of carbon capture and restitution over the past 50 years (Muller-Feuga,
2025a), which showed that plant cultivation constitutes an average carbon sink of
39.9 GtCO,/yr removed from the atmosphere during the ten years preceding 2022.
These overestimated results are corrected below.

The differences between these figures and those in the literature appear to be
partly due to the failure to consider annual crops in carbon budgets. We noted a
recommendation to this effect among the methods and guidelines for researchers
(IPCC, 2006; 2019). The increase in biomass of annual crops would be equal to
the biomass losses of the same year, and there would therefore be no net carbon
accumulation, as only perennial woody crops should be considered. This has the
effect of significantly reducing the proportion of plants included in carbon budg-
ets.

The harvested annual plant’s death does not mean the quick disappearance of

the carbon it has accumulated. Cereal products, which represent two-thirds of
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global agricultural production, have indefinite storage life under the right humidity
and temperature conditions, either as grains or after processing into dry products.
Long storage periods before marketing allow for price stabilization, long-distance
transport, and the creation of strategic reserves by populations facing crises or liv-
ing far from production areas.

It is important to distinguish between carbon stocks and the carbon capture
and restitution flux of atmospheric CO,, the latter being the time derivative of the
former. Carbon stocks, measured in tons (tC), are the quantity accumulated at a
given location and time. Only the fluxes, expressed in tons of carbon dioxide
(tCOs/year), are considered in annual carbon budgets. By convention, “sink” fluxes,
which remove carbon from the atmosphere, are negative, and “source” fluxes,
which release carbon into the atmosphere, are positive. The plant sink is propor-
tional to the amount of plant biomass cultivated and then harvested annually for
later use elsewhere. The plant source is the return to the atmosphere of this bio-
mass after mineralization.

Thanks to their intrinsic capacities and conservation techniques, annual plant
biomass persists well beyond the harvest year. Here, we provide the necessary up-
dates and corrections to determine the extent to which the exclusion of these fac-
tors impacts the carbon budget. We also offer a projection up to the end of the

century that incorporates these corrections.

2. Materials and Methods

The synthesis of plant organic matter involves a chain of enzymatic reactions,
notably involving carbonic anhydrase and rubisco, for the entry of carbon diox-
ide (CO,) from the atmosphere in dissolved form into the plant cell, followed by
a series of reactions modulated by visible light. The biomass thus formed serves
as a substrate for heterotrophic organisms, which return carbon to the atmos-
phere as CO, through respiration or fermentation. These polymerization and
mineralization reactions are grouped under the same reversible chemical Equa-
tion (1).

6CO; + 6H,0 + E <> C¢H2O6 + 60, (1)

where E is the visible light energy in the direction of photosynthesis (from left to
right) and the metabolic or combustion energy in the direction of respiration
(from right to left).

Equation (1) expresses that CO, consumption, oxygen production, and organic
matter production in the form of hexoses correspond molecule for molecule. Hex-
ose is the basic building block of plant matter, and its quantity can be measured
by the dry matter (dm) of plant biomass according to the chemical reaction stoi-
chiometry. The carbon-to-dry matter ratio (C/dm) varies with the type of biomass
and should be adjusted for each case.

Although the energy conversion efficiency of solar radiation into biomass is on
the order of a few percent, the resulting plant production is an important carbon

sink. Controlling all or part of the food chain, agriculture, livestock farming, for-
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estry, hunting, fishing, and aquaculture feed, clothe, warm, shelter, and entertain
humanity, among other things. Here, we consider the net primary production af-
ter autotrophic respiration of these activities, which capture carbon from the at-
mosphere and store it as biomass. As such, they are involved in the carbon cycle

and its budget.

2.1. The Quantities of Carbon Captured and Stored

The calculation of the quantities of carbon mobilized by crops is based on the
FAO’s 2024 statistics (FAO, n.d.), which describe the products marketed from ag-
riculture, livestock farming, and forestry. The amount A, of CO, absorbed by a set
b of plant biomass with fresh weight P, is equal to the sum of the dry weights of
the crops multiplied by the amount of CO, per dry weight (CO,/dm), denoted k,
according to formula (2), where WC, is the water content of the biomass P, doc-

umented by various cross-referenced sources.
A, k3 (1-WC, )P, @)

n=1

The carbon content C/dm varies with the species and, within the species, with
the organ. The biomass molecules have a C/dm of 40% for glucose, 44% for cellu-
lose, 64% for hemicellulose, and 66% for lignin. According to Ma et al. (2018), the
ratios (C/dm) of reproductive organs, roots, leaves, and stems are 45.0%, 45.6%,
46.9%, and 47.9%, respectively. The greatest difference in carbon content is be-
tween annual and perennial plants. Regarding reproductive organs, which are the
main crop products, those of annual plants contain 42.5% carbon and those of
perennial plants 48.6%. We will use these values for crops and forage. Regarding
forest products, which consist primarily of woody stems, the main distinction is

between conifers (50.5%) and non-conifers (48.2%).

2.2. Carbon Capture and Storage Durations

The carbon history of agricultural and forestry products is divided into the period
of carbon capture by photosynthesis (CP) and the period of carbon restitution by
mineralization (RM). The harvest marks the transition between these two periods
of anabolism (CP) and catabolism (RM), which involve the same quantity of car-
bon. During the first period (CP), which separates the beginning of plant growth,
whether through sowing, planting, or the previous harvest (n — 1), from the har-
vest (n), the plant carbon pool is built up through photosynthetic capture of CO,
from the atmosphere. This anabolic period lasts from a few months for annual
plants to several decades for trees. The second period of catabolism (RM) begins
immediately after harvest, during which the captured carbon is restituted to the
atmosphere as CO, through respiration, combustion, or fermentation. During this
period, marketed biomass is stored on shelves, in silos, and in warehouses, trans-
ported, and processed before being used by the end consumer.

The quantities of CO, captured and then restituted are calculated based on the

carbon per dry matter ratio (C/dm) of each biomass. The CP and RM durations
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are the weighted averages for each of the three biomass groups: crops, forage, and
forestry. The dispersion of the results is expressed by their standard deviation
(SD). The maximum durations of the CP and RM periods are determined for each
biomass based on the most relevant data from the literature. From 1960 to 2020,
only harvests from years that are multiples of 10 are considered, using the CP and
RM values obtained for 2024.

In addition to temperature, the RM shelf life of food depends on its water con-
tent (WC), which can be reduced by various techniques such as drying, brining,
and vacuum packing. We thus distinguish (Muller-Feuga, 2025b) between fresh
fruits and vegetables, for which WC is between 75 and 90% and for which the RM
is a few days to a few weeks; semi-preserved products, for which WC is between
30 and 75% and the RM is a few weeks to a few months; and dry products such as
cereals, pasta, and biscuits, for which WC is between 0 and 30% and for which the
RM is a few months to indefinitely.

Since the nutritional value and food safety (freshness) decrease with age, con-
sumers are guided in their choices to ensure food safety and limit waste. Recom-
mended storage times (Use By, Best Before, etc.) are mandatory information dis-
played on food packaging. As this information is not always available, we consid-
ered the maximum recovery time to be a function of the water content WC ac-

cording to regression (3) for which R* = 0.4.
RM = 9742.9-WC >4 3)

Freshly harvested fruits and vegetables have a shorter transport and marketing
time to preserve their taste and freshness. Temperature control during transport
and storage significantly increases the time between harvest and consumption.
This shelf life varies from a few days to a few weeks at room temperature or in a
refrigerator (—5°C). It can last up to 3 months, allowing them to last through the
winter. In a freezer (—18°C), food generally keeps for a year or more.

2.3. Non-Marketed Parts

It is also necessary to consider non-marketed but inherent parts of crops, such as
leaves and stems for the aboveground portion, and roots and exudates for the un-
derground portion. The half-lives of necromass, consisting of aboveground and
underground parts remaining in place after harvest, correspond to the average
residence time of carbon in the soil before mineralization by decomposer organ-
isms. For forests, these retention times vary between 0.9 and 152 years (Wang et
al., 2017). They increase with latitude (x4) and decrease with temperature (x10)
and precipitation (x4). We have used temperate regions as an average, for which
the maximum residence time of organic carbon is 40 years for soils of crops and
grasslands, and 75 years for soils of harvested forests (Balesdent & Recous, 1997;
Sylvain et al., 2019).

The weights of the aboveground parts of crops are calculated based on an aver-
age harvest index (aboveground/commercial part) of 0.42 (Hay, 1995). The root
system is estimated to represent 30% of cultivated plants’ biomass, 65% of grass-
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land plants, and 15% of trees’ total biomass (Blume et al., 2015). Consequently,
the ratios of whole plant weight to commercial part are 1.72, 2.07, and 1.57 for
crops, forage, and forest products, respectively. The CO,/dm ratio of commercial
parts is extended to whole plants.

The atmospheric CO, quantities mobilized by cultivated plants in agriculture,
livestock farming, and forestry are updated here in terms of both the amount cap-
tured and the duration of carbon sequestration. For this purpose, the productions
are converted into anhydrous products according to formula (2), then multiplied
by the ratio of whole plants/commercial parts, then multiplied by their CO,/dm

ratio.

2.4. Plant Carbon Cycle Probabilistic Approach

The photosynthetic growth of plants bearing logs, fruits, and vegetables during
the carbon capture period (CP) is measured by the weight gain per unit time, de-
noted dP/dt. This is a real random variable whose distribution generally exhibits
an increasing sigmoidal shape (e.g., Vanclay, 1994; Karadavut et al., 2008; Tijero
et al., 2021). In what follows, we consider this distribution function to be the in-
tegral of an increasing normal probability density function.

After harvest, the polymerized carbon is mineralized and returned to the at-
mosphere as CO, through food digestion, fermentation, or combustion. This
restitution period (RM) varies from a few days for perishable fruits and vegeta-
bles to several centuries for timber and soils. Organic matter, whether stored on
shelves, in bulk, or in the soil, is ingested, fermented, or burned, resulting in
weight loss. The distribution of this weight over time follows a decreasing sig-
moidal curve, which can be approximated by the integral of a negative normal
density law.

For both carbon capture and restitution, the normal density law is chosen here
for its continuity, ease of manipulation, and its ability to accurately describe phe-
nomena influenced by numerous factors, none of which is dominant. The proba-
bilistic simulation of the temporal distribution of atmospheric CO, mobilized in
plant biomass, described in Muller-Feuga (2024b; 2025a), is reproduced here, up-
dated, and corrected. We assume that the timing of atmospheric CO, capture and

restitution is represented by the following expressions, for capture:

C (t, n) = Har,/Sc:[1 + erf {(t — n + CP/2)/0/N2}] 4)
and for restitution:

R (t, n) = Har,/Sr-[1 — erf {(t - n — RM/2)/0./2}] (5)

where t is the time in years, n is the harvest year, Sc and Sr are adjusted so that the
sums of the column vectors equal the harvest of year n, denoted Har,, erf is the
error function of the normal distribution, and o. and o, are the camber or standard
deviations. If t < n, the uptake duration CP applies, and the erf function is added
(4). If t > n, the restitution duration RM applies, and the erf function is subtracted

(5).
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The reduced distribution of CO, mobilized by the 2024 global harvest (Figure
1) results from the integration of probability densities. A significant difference
between the CP and RM durations was observed (Muller-Feuga, 2024b; 2025b),
with the former being shorter than the latter. Consequently, the distribution ex-
hibits a strong asymmetry. Since normal distributions are centered, the mean and
median carbon storage half-lives (CSD) are equal to the sum of half the maximum
capture duration (CP/2) and half the maximum restitution duration (RM/2) ac-

cording to formula (6).
CSD = (CP + RM)/2 (6)

Restitution (RM)
i
Carbon storage duration (CSD)

Probvability density and distribution
(=]

-1

2010

=

Capture (CP)
\

2015 2020 2025 2030 2035 2040 2045 2050

Figure 1. Reduced chronologies of the probability densities (red) and cumulative distribution (blue) of the

carbon captured by photosynthesis (negative) and then restituted by mineralization (positive), for the 2024
global harvest. The periods CP, RM, and CSD are illustrated.

This probabilistic approach is applied to cultivated plants with a single harvest,
such as annuals and trees felled for firewood and construction timber, and to per-
ennial plants, such as sugarcane, tea, coffee, cocoa, oil palm, rubber trees, fresh
and dried fruits, etc., harvested through multiple annual crops. In the latter case,
the capture period CP covers the plant’s growth, which varies between 2 and 80
years depending on the species.

The theoretical chronology of carbon capture and storage by annual plants,
simulated by Equations (4) and (5), allows us to construct three 173 x 173 square
matrices, which we named [C (t, n)] for capture, [R (t, n)] for restitution, and
[C (t,n) — R (t, n)] for the complete capture-restitution cycle, where t and n are
between the years 1960 and 2133. The row vectors t contain the quantities of
CO, mobilized by successive harvests, and the column vectors n contain the
quantities captured and then restituted from the harvest Har, as a function of

time t. Only the diagonal area for increasing t and n of these three matrices is
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non-zero.
The global capture in year n, denoted AW,,, is equal to the sum of the row vector
t of the matrix [C (t, n)], which is written (7).

AW, =t§n:[c(t,n)] (7)

Similarly, the global restitution of year n, denoted EW,, is equal to the sum of

the row vector t of the matrix [R (t, n)], which is written (8).
EW, =3 [R(t,n)] (8)
fo

The net capture minus restitution balance of year n is equal to the sum of the

row vector t of the matrix [C (t, n) — R (t, n)], which is written (9).

AW, —EW, =7 [C(t,n)-R(t,n)] 9)

The year-by-year accumulation of these net balances, positive or negative, con-
stitutes the carbon stocks built up by cultivated plants from t, to n, denoted CS,
which have the following matrix expression (10).

CS=X! (AW, , —EW, )+ (AW, —EW,) (10)

2.5. The Carbon Budget
Global CO, absorption by cultivated plants’ photosynthesis (denoted AW) and

global CO, emissions from the digestion, fermentation, or combustion of these
plants (denoted EW) constitute the anthropogenic components of global atmos-
pheric carbon budgets. Atmospheric CO, mass variations (denoted ACV) and
emissions from fossil fuel combustion (EFOS) complete the carbon exchanges be-
tween the continents, the atmosphere, and the oceans.

The unknown of Equation (11), denoted OS+ for ocean sink plus, includes the
ocean contribution and those of continental carbon sinks other than from culti-
vated plants, which are difficult to quantify due to their great diversity. These in-

clude vegetation of unexploited areas and wastes from human activities.

—ACV — AW + EW + EFOS = OS+ (11)

The estimation of AW is based on the stoichiometry of reaction (1) in the left-
to-right direction of photosynthesis, while that of EW results from the same reac-
tion in the right-to-left direction of mineralization. This approach does not rely
on numerical models based on satellite or field-measured data, but only on agri-
cultural and forestry production data reported by governments and compiled by
the Food and Agriculture Organization of the United Nations (FAO).

2.6. Carbon Budget Projections

There is a proportional relationship between the size of the world’s population
and the consumption of fossil fuels, EFOS, on the one hand, and plant-based prod-
ucts, AW, on the other, since both are intended to meet humanity’s needs. We

assume that the increase in atmospheric CO, mass ACV also depends on the world
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population, since it is directly influenced by anthropogenic emissions EFOS and
EW. This assumption is used to anticipate the evolution of carbon budgets until
the century’s end.

The UN median scenario from July 2024 (United Nations, 2024) is chosen as
the modulator due to its higher and more recent probability. Following industri-
alized countries, the transition to two children per couple, stabilizing the popula-
tion, should spread to all continents in the coming decades. The population would
exceed 10 billion inhabitants in 2060 and peak in 2084 before declining. The OS+
contribution, which includes the ocean sink and other continental sinks, results

from Equation (11).

3. Results
3.1. Commercial Crop Products 2024

The 160 global crop products are listed by the FAO (n.d.) under the heading
“Products”, then “Crops and livestock products” in the agricultural production
statistics. They include herbaceous and shrubby plants cultivated for food (cereals,
vegetables, fruits, etc.), textiles (cotton, flax, hemp, etc.), or ornamental purposes
(tobacco, grapes, flowers, etc.). These products are listed in descending order of
fresh weight in Appendix 1.

Whole plants of commercial crop products had sequestered 14.5 + 0.3 GtCO,.
The largest contribution was from dried and preserved products, accounting for
87% of this sequestration. Annual plants contributed 75 % to atmospheric carbon
sequestration by crops, of which 61% was due to cereals. The average carbon-
weighted CP, RM, and CSD of crops were 4.9 + 0.21 years, 20.6 + 1.0 years, and
12.7 + 0.6 years, respectively. Excluding annual plants by considering only peren-

nials means neglecting a major component of carbon budgets.

3.2. Forage 2024

Forage consists mostly of annual plants, the harvested crops of which are stored
for 0.8 to 3 years to allow them to mature and pass through unproductive periods.
They are transformed into meat, milk, offal, eggs, honey, etc., by the animals that
consume them and use their carbon for their structure and metabolism. Carbon
is restituted as CO, through livestock respiration and the mineralization of their
excrement and non-food products (hides, wax, silk, etc.). It lasts between 40 days
(eggs) and 100 years (beeswax).

The 48 global livestock products are listed as quantities of meat, milk, and eggs
consumable by humans, expressed in tons. The statistics described in the “Pro-
duction-Quantity” and “Livestock Primary” sections are included in Appendix 2
and are ranked in descending order of dry weight of forage. These products are
primarily intended to supplement the human diet with high-quality protein and a
range of micronutrients such as vitamins A, B-12, riboflavin, and minerals. They

result from the conversion of plants from grasslands, foliage, and crops by rumi-
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nant and monogastric animals. Protein levels vary between 3.2% for milk and 32%
for meat products. Feed conversion ratios (dry weight of feed/fresh weight gain of
livestock product) vary between 2 for poultry and fish fed dry feed and 6 for cattle
fed aboveground plants.

According to Mottet et al. (2017), global livestock consumed 6 Gt/year of dry
matter forage in 2010. This yields an average conversion ratio of 4.34 across all spe-
cies. Assuming that it is stable from year to year, we applied it to the 2024 livestock
to calculate anhydrous forage, then the CO,/dm ratio, then the whole plant/com-
mercial part of annual plants ratio to obtain the CO, mobilized.

A portion of the crops described in the previous section is intended for animal
feed. This mainly consists of cereals (wheat, maize, sorghum, oats, etc.) used in
livestock feed. To avoid double-counting, a 14% reduction is applied to the forage
calculated based on marketed animal products. This represents the portion of for-
age consumable by humans, according to the authors cited above. Thus, the as-
similable parts of forage plants for global livestock would have sequestered 8.7
GtCO,/year of carbon in 2024, or 18.2 + 1.6 GtCO,/year for whole plants. The
carbon-weighted average CP, RM, and DSC of forage plants were 1.18 + 0.08
years, 0.68 £ 0.04 years, and 0.93 + 0.06 years, respectively.

3.3. Forest Products 2024

Statistics on global timber production are available in the “Forestry” section of
FAO’s “Data” (FAO, n.d.). These “Forestry production and trade” figures for fuel-
wood, sawlogs, pulpwood, and industrial wood, expressed in m>, are converted to
dry tons and listed in descending order in Appendix 3. A density of 0.6 t/m”’ is used
for conifers and 0.7 for non-conifers. Whole plants in forest products sequestered
7.3 + 1.0 GtCO,/year of carbon in 2024, two-thirds of which came from non-conifer
species. The carbon-weighted average CP, MR, and CSD of forest products were
43.8 £ 7.2 years, 18.4 + 1.6 years, and 31.1 + 3.6 years, respectively.

3.4. Animals 2024

The primarily food-oriented use of agricultural products extends plant carbon in
the form of animal biomass and their waste, at levels of approximately 18% and
9% by weight, respectively. The lifetime of animal carbon before its release into
the atmosphere through respiration ranges from one week in the liver to six weeks
in hair (Tieszen et al., 1983). Fecal matter in the form of compost or manure is
mineralized in the environment, with a carbon lifetime estimated at a few months.

With 126 MtCO, in 2024, the variations in carbon stocks of aquatic products
(fishing and aquaculture) and of animal populations on land (humanity and live-
stock) were 10 times lower than those of the three main terrestrial plant produc-

tions.

3.5. Carbon from Cultivated Plants in 2024

The carbon involved in harvesting cultivated plants, denoted Har, came from 40.2

DOI: 10.4236/gep.2026.143006

124 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2026.143006

A. Muller-Feuga

1 1.1 GtCO,/year removed from the atmosphere in 2024 (Table 1) for a weighted
average CSD half-life of 10.7 + 2.9 years. The share of annual plants in this total
was 27% for a CSD of 6 years.

Table 1. Quantities of CO» mobilized by harvesting whole cultivated plants (GtCO./year)
in 2024 and the weighted average duration of their capture and restitution (SD = standard

deviation).
Harvest GtCO./yr SD CPyr RMyr CSDyr SD
Crops 14.5 0.3 4.9 20.6 12.7 0.6
Forage 18.2 1.7 1.2 0.7 0.9 0.1
Forestry 7.3 1.0 43.8 18.5 31.2 3.6
Animals 0.1 0.1 2.3 39.6 4.6 0.7
Total/Average 40.2 1.1 10.3 11.2 10.7 2.9

3.6. Net Balance of Cultivated Plants in 2024

The matrix calculation calibrated using the 2024 parameters from Table 2 gives
an AW capture of 41.01 + 1.1 GtCO,/year according to (7) and an EW restitution
of 37.8 + 1.8 according to (8).

Table 2. Simulation parameters of the variation of carbon uptake and restitution over time
in 2024 (nd: dimensionless).

Units Notations Values
2024 Harvest GtCO2 Har 40.2
S Capture nd Sc 11.29
Camber Capture nd Oc 14
Maximum Capture Duration yr CP 10.3
S Restitution nd Sr 10.61
Camber Restitution nd Or 4.0
Maximum Restitution Duration yr RM 11.2

The difference between these values and the harvest Har is due to captures and
restitutions in years other than 2024, already or still in progress. The net balance
of cultivated plants was a sink of 3.2 + 0.7 GtCO,/year in 2024, which enriches the

planet’s plant-based carbon stock.

3.7. Anabolism and Catabolism of the 2024 Harvest

Figure 2 shows the probable chronology of negative carbon capture and positive
carbon restitution flow rates mobilized by the 2024 global harvest. Numerically,
this is the column vector of the matrix [C (t, n) — R (t, n)]. This chronology is

asymmetrical around the harvest year, with the carbon capture (anabolism) rate
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peaking at —7.1 tCO,/yr* and the restitution (catabolism) rate being slightly lower
(<6.6 tCOL/yr?).
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Figure 2. Chronology of CO; mobilization involved in the 2024 harvest of cultivated plants:
in blue, left axis: flow rate of CO. mobilization (GtCO»/yr?), negative from the atmosphere
to plants, and positive in the opposite direction. In red on the right axis: CO, mobilized
(GtCOsz/year) with anabolism before harvest and catabolism after.

The flow rate absolute values integration according to Equation (10) represents
the variation of CO, mobilized by the 2024 harvest. The total anabolism duration
is 12 years, and that of catabolism is 23 years. The retention of atmospheric CO,
for more than three decades makes cultivated plants a component of carbon budg-

ets.

3.8. Carbon from 1961 to 2024

FAO statistics describe the products of crops, forage, and forests from 1961 on-
wards. The CO, mobilization of harvests, denoted Har, over the past half-cen-
tury is determined for each decade and then interpolated between these years.
This arrangement is acceptable given the near-linear increase in this mobiliza-
tion (39% per year, R* = 0.98). The AW capture and EW restitution are deduced
from the Har harvests obtained by applying formulas (7) and (8) according to
the parameters in Table 2. It was necessary to go back to 1961 to include all
stocks restituted in 1970, and to look ahead to 2030 to include all stocks captured
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in 2024. A boundary effect makes the AW and EW values suspect before 1970;
therefore, we only consider the net balances of cultivated plants from that date
onward.

Global emissions from fossil fuel combustion (EFOS) reached 38.4 + 2.3
GtCO,/year in 2024, an increase despite a decline in 2020 during the health cri-
sis, according to the Global Change Data Lab (Ritchie et al., 2023). These emis-
sions include those from agriculture and forestry, as well as “other greenhouse
gas emissions, the energy mix, and other indicators of potential interest.”

The variation in atmospheric CO, concentration (TAC) measured by Keeling
et al. (2001) at the Mauna Loa Observatory (MLO) since 1958 shows a clear up-
ward trend (Figure 3) of more than 2 ppm/year and exhibits annual oscillations
with an average increase of 6 ppm from August to April (northern cold season)
and an average decrease of 4 ppm from April to August (northern warm season).
These oscillations indicate a strong influence from the continents of the Northern

Hemisphere, which emit and absorb the largest quantities of CO..
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Figure 3. Atmospheric mass of CO: in GtCO:, with details for the year 2024 in ppm, based
on MLO observations.

The ACC recordings allow us to calculate the variation in mass ACV expressed
in GtCO,/yr, which is the CO, atmospheric sink.

3.9. Population-Driven Hypothesis

The population has increased from 3.0 billion capita (Gc) in 1960 to 8.2 Gc in
2024. Figure 4 shows the variation of carbon budget elements relative to the hu-
man population size from 1960 to 2024, and their regression lines. These three
indices have increased slightly over the last half-century, with shallow slopes in-

dicating their strong proportionality to the population.
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Figure 4. Trends between 1960 and 2024 in cultivated plants harvests (Har), fossil fuel
emissions (EFOS), and the atmospheric carbon sink (ACV), per capita of world population
(tCO/clyr).

Fossil fuel emissions (EFOS) relative to the population are increasing by 2.1%
per year to over 4.5 tCO; per capita per year (tCO./c/yr) in 2024. This appears to
be linked to strong demand from emerging countries, particularly for electricity
generation. The upward trend in the atmospheric carbon sink ACV (0.6% per year)
seems to be related to that of these fossil fuel emissions. Cultivated plants produc-
tion (Har) has been increasing slightly by 0.3% per year to 4.5 tCO,/c/yr since
1961. This near stability could indicate improved demand coverage, particularly
related to supply distribution. However, the rate of undernutrition remains high,

and progress is needed.

3.10. Carbon Budget Projections to the End of the Current Century

According to the UN median scenario (United Nations, 2024), as of July 2024, the
population is expected to peak at 10.3 £ 0.81 Gc around 2084. We have projected
the evolution of CO, exchanges with the atmosphere until 2100 by adjusting the
three variables Har, EFOS, and ACV by the global population size according to
this median scenario. This is a provisionally acceptable assumption that mini-
mizes energy projections if the upward trend of this demand continues.

Subject to the absence of overlap between the EFOS source and the net AW-
EW balance of cultivated plants, these elements and the atmospheric sink ACV
allow us to specify the contribution of extended ocean sink (OS+) according to
Equation (12) of the carbon balance (Figure 5).

The EFOS source and the ACV sink continue to grow until the population peak
projected for 2084, before declining. The net balance of cultivated plants AW-EW

remains a weakening sink until this time before becoming a source. The extended
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ocean sink OS+ continues to grow until a peak towards the end of the century.
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Figure 5. Changes in the four elements of the CO; exchange budget over the last half-cen-
tury (solid lines) and projections to the end of the century (dashed lines) based on global
population growth according to the UN median scenario. EFOS: fossil fuel emissions; AW-
EW: net balance of cultivated plants; ACV: mass change in atmospheric CO2; OS+: ocean
and other continental sinks. Sinks are negative, and sources are positive. Their algebraic
sum is nil.

3.11. Carbon Stocks from Cultivated Plants
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Figure 6. Quantities of atmospheric CO2 (GtCO:/year) mobilized by cultured plants world-
wide for every decade from 1970 to 2020 (in color), and until the end of the century (in
gray), as projected according to the UN median scenario for the 2024 human population
projection.
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The 3D Figure 6 describes the mobilizations by successive decennial harvests rep-
resented by the colored bands along the Stocks axis.

The sum of the net balances of cultivated plants AW-EW is the stock of organic
and inorganic carbon accumulated mainly in soil and rivers. Numerically, it is the
cumulative sum, since 1970, of the row vectors of the [C + R] matrix according to
formula (10). Without considering stocks already built up before 1970, they have
increased by 43.4 GtC in 2024 at a rate of 77% per year (R* = 0.98). According to
our projections, they will increase by a further 21 GtC, culminating at the horizon
of maximum population before declining. At that time, these stocks, which do not
include those created before 1970 nor those accumulated by the extended ocean

sink OS+, would represent 5% of the atmospheric mass.

4. Discussion

The purpose of this exercise is to better understand the behavior of atmospheric
CO, by attempting to quantify its variations. It is primarily motivated by the hy-
pothesis that this gas influences tropospheric temperatures. However, some stud-
ies (e.g., Richet, 2021; Koutsoyiannis et al., 2023) suggest that the causal link is
reversed, meaning that the fate of CO, is influenced by temperature, which has
other origins. Even if the hypothesis of the influence of atmospheric carbon on
climate is not verified, it remains useful to understand how it behaves due to its
vital importance, especially as it tends to become scarce on a geological timescale.

The results obtained here differ significantly from those published previously
(Muller-Feuga, 2025b). The main innovation lies in the integration of the CO,
mobilization rate to define the quantities mobilized and their timing. The calcu-
lation of the restitution EW, which was significantly underestimated previously,
is here equal to the sum of the row vectors of the restitution matrix [R] according
to formula (8), after ensuring that the sums of the column vectors of the two ma-
trices [R] and [C] are indeed equal to the harvest Har. These corrections make the
ocean a sink, which is consistent with the literature. Our projection shows that the
net balance of cultivated plants is a vanishing sink until the population maximum
before becoming a source. It would continue to build up a significant carbon stock
until this horizon.

Apart from atmospheric variation, ACV and fossil fuel emissions EFOS, which
are accurately measured and provided by public statistics, the figures obtained ra-
ther differ significantly from those in the literature. These differences are partly
due to the failure of the cited authors to consider cultivated annual plants, partly
also to the imprecision of the elements of the budget deduced from the field meas-
urements interpolated and extended to remotely sensed areas, and finally partly

since we have not quantified the share of unexploited continental areas.

4.1. Consideration of Annual Plants

The stock-to-use ratio of 30% of cereals (FAO, 2018) suggests that global stocks
are replenished approximately every three years, thus helping to control prices.
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This is an average with notable exceptions. For example, Japan recently opened
its strategic rice reserves, which had been created thirty years prior (The Mainichi,
2025). More generally, the global consumer price index for rice shows a persistent
upward trend, encouraging countries to import and build up food reserves. Re-
plenishing these reserves is a strategic imperative for coping with crises in a con-
text of population growth, the end of which is still far off.

We found only one publication in the literature describing the contribution of
annual plants to global carbon sequestration (Wolf et al., 2015). Based on the same
sources as ours (FAO, n.d.), a comparable contribution to our results is men-
tioned. The orders of magnitude are three times greater than those of authors who
do not consider annual plants (e.g., Le Quéré et al., 2013). However, Wolf et al.
(2015) considered that the storage duration did not exceed one year, with restitu-
tion through respiration immediately following harvest, which is consistent with
the provision excluding annual plants.

This provision only reflects reality in the very rare situation where the harvest
is burned. Even in this extreme situation, the underground parts, which represent
30% of the biomass, persist for several years or even decades. The share of annual
plants in carbon mobilization was 75% of crops and 27% of all plants produced in
2024, with a carbon retention half-life of 6.0 years. This duration does not justify

excluding annual plants, which significantly skews the carbon budget.

4.2. Imprecision of the Budgets

Unlike our approach, which relies on FAO trade product statistics, most authors
construct carbon emissions from field and satellite surveys, subsequently extended
by interpolation models to the global areas thus characterized. It appears that this
method runs up against problems of density and precision in the measurements
characterizing each vegetation cover, rather than the areas of these covers, which
are precisely defined thanks to satellite imagery. Estimates of continental and oce-
anic absorption and emission vary, fueling controversies, particularly regarding
the contribution of primary forests (e.g., Luyssaert et al., 2008; Gundersen et al.,
2021; Luyssaert et al., 2021).

Estimates of soil carbon stocks (e.g., Raich et al., 2002; Lal, 2008; Chen et al.,
2013; Nissan et al., 2023) are 1500 to 2400 GtC, much more than the atmosphere
(900 GtC) or terrestrial vegetation (450 - 650 GtC). According to the last cited
authors, a fifth of atmospheric CO, (403 GtCO,/yr) would originate from soils,
making them the main global source, ten times the fossil emissions. These esti-
mates should be reconsidered since they assume an increase in the atmosphere of

51 ppm/yr, whereas it was only 2.6 ppm/yr in 2024.

4.3. Unexploited Areas

Various attempts have been made to determine the contribution of unexploited
vegetation cover to carbon exchange with the atmosphere. This includes old-growth

forests, tundras, marshes, peatlands, savannas, scrubland, mangroves, lakes, and
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rivers. This contribution is not expected to increase with the world population
and should even decrease due to urbanization and the expansion of agricultural
land through the draining of marshes, deforestation, terrace farming, etc. How-
ever, the increase of ACC, which improves crop yields, could offset this trend.
The use of satellite data provides some clarification on the areas in question.
For example, Chen et al. (2019) estimate the Leaf Area Index (LAI) mix at 17.85
for arable land, 16.72 for forests, 11.5 for other woody vegetation, and 7.85 for
pasture. Unexploited vegetation cover would therefore account for 21.3% of the
total leaf area. For its part, the FAO estimates agricultural and forest areas at 29%
and unexploited land (Other Land) at 13% of the Earth’s land surface in 2023.
These differences could be due to the difficulty of distinguishing unexploited from

exploited areas, particularly when it comes from pastures of extensive livestock.

4.4. Area Yields

The area criterion is incomplete for assessing the contribution of these land covers
because it does not consider the flux, in other words, the area yield of atmospheric
carbon capture, which depends on climatic and edaphic factors, including water,
fertilizer, and labor inputs. According to Saugier et al. (2001), the area flux of car-
bon capture ranges from 3.7 tCO, per ha and per year (/ha/yr) for deserts to 43.1
tCO,/ha/yr for tropical forests, with only 10.1 tCO./ha/yr for crops. More recently,
Basher and Ackter (2022) observed that forest ecosystems are the main terrestrial
carbon sinks.

Based on 2024 FAO statistics, the average area yield weighted by the dry weight
of whole cultivated plants worldwide was 8.9 tCO,/ha/yr for crops, 5.3 tCO,/ha/yr
for pastures, and 1.8 tCO,/ha/yr for forests. As examples corroborating these fig-
ures, forestry in Brazil has adopted a standard post-harvest recovery rate of 0.9
tCO,/ha/yr (Vidal et al., 2020), which is half the global yield of forests. The average
carbon sequestration of French forests is 3.3 tCO,/ha/yr (ING, 2013), less than
that of pastures and crops worldwide. The contribution of forests was significantly
overestimated, and that of crops was significantly underestimated by most au-
thors.

It should be noted here that logging and forest fires do not lead to a loss of
capacity to capture and store CO,. The soil carbon stock remains in place, while
spontaneous or replanted regrowth continues to capture CO, before new logging
occurs 25 to 120 years later. If the forest is replaced by pastures or crops, the land
it frees up captures CO; at levels more than 10 times higher. Sugarcane and palm
oil crops come out on top with more than 40 tCO,/ha/yr, followed by vegetable
and cereal crops with more than 10 tCO./ha/yr.

4.5. The Share of Other Continental Sinks

This mainly includes the net balance of wild vegetation on unexploited land, as
well as waste from industrial and domestic activities. Municipal solid waste, in

particular, is a major environmental concern, with 2.1 Gt/yr in 2020 and projec-
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tions of 3.8 Gt/year by 2025, most of which is uncontrolled (United Nations En-
vironment Programme, 2024). At a content rate of 30% C/dm, this is a significant
carbon sequestration.

The difference between our extended ocean sink OS+ and estimates of the
ocean sink from the literature could be the contribution of those sinks. Our OS+
sink (16.3 * 2.7 GtCO,/yr in 2024) is significantly larger than that attributed to
the ocean in the literature, which results from numerous interpolated measure-
ments of CO, and total inorganic carbon fugacity. According to them, the ocean
would absorb a quarter of anthropogenic emissions (NOAA, n.d.), or about 10
GtCO,/yr. Other estimates of the ocean sink are 12.5 + 1.5 GtCO,/yr (Friedling-
stein et al., 2025). Mignot et al. (2025) analyzed the factors influencing the varia-
bility of the ocean sink and found that it has been increasing since 1990 with the
rise in ACC. It is projected to reach 13.75 + 0.5 GtCO,/yr by 2024, an increase rate
of 1.3 £ 0.1 GtCO,/yr. This leaves a difference of 3.15 GtCO,/year with our OS+
sink, which would put the contribution of other continental sinks at the same level
as our net balance of cultivated plants (AW-EW = 3.16 + 0.7 GtCO,/yr in 2024).

Another approach to the share of other continental sinks involves subtracting
our net balance of cultivated plants from the continental net balance of the litera-
ture, denoted SLAND-ELUC. It is established using two harmonized steps (Grassi
et al., 2023): one based on accounting models partially derived from FAO statis-
tics, and the other on dynamic models, in accordance with the guidelines for re-
searchers (IPCC, 2006; 2019), i.e., excluding annual crops.

Jia et al. (2025) estimated the continental net carbon balance at 5.5 + 2.9 GtCO,/yr
on average between 1992 and 2020. Pan et al. (2024) estimated this balance at 5.9 £
1.8 GtCO,/yr on average during the period 2010-2019, which is of the same order
of magnitude. Given that the continental net carbon balance according to Friedling-
stein et al. (2024; 2025) was 4.8 £ 2.9 GtCO,/yr in 2024, this leaves 1.64 GtCO./yr
for other continental sinks in 2024, which is half of our net balance of cultivated
plants.

The difference between the two approaches could be due to the exclusion of
annual plants, which reduces the assessments of the second and would favor the
first, i.e., as much for cultivated plants as for other continental sinks. However,
these figures are within the confidence interval and should be interpreted with
caution. In any case, continental vegetation in general, and cultivated vegetation

in particular, must be given its due consideration in carbon budgets.

5. Conclusion

Analysis of global crop production data published by the FAO has established that
these crops capture and store 40.2 + 1.1 GtCO,/yr over a weighted average half-
life of 10.7 * 2.9 years in 2024. The characteristics of these crops have allowed us
to calibrate the probabilistic laws governing the temporal distribution of carbon
from cultivated plants since 1961.

To project carbon budgets to the end of the century, we assume that fossil fuel
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emissions, crop production, and the increase in atmospheric carbon dioxide will
evolve proportionally to global population growth. This allows us to identify the
share of ocean, human wastes, and uncultivated areas that will peak at the end of
the century. Fossil fuel emissions and carbon stocks from cultivated plants will
reach a maximum at the same time as the human population before declining.
Simultaneously, the carbon sink provided by cultivated plants would fade and be-
come a carbon source.

This analysis, which requires further refinement and expansion, presents an
updated view of the role of plants in the global carbon budget. Given the strong
correlation between the components of the budget and the world population, pro-
jections based on demographics could well describe the major trends of the end
of this century.
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Appendix 1: Cultivated Plants

Fresh weight of global agricultural crop production in 2024 (FAO, n.d.), water

content, annual or perennial plant, dry weight, CO, mobilized by whole plant

(WP), maximum capture duration (CP), maximum mineralization restitution du-

ration (MR), carbon half-life (CSD). Water content data are from several sources,

including https://feedtables.com and https://www.lanutrition.fr.

Product Fr.esh Water Annual Pry MtCO:; CP RM DSC
Weight/t Content/% Weight/Mt /WP lyr [yr [yr

Sugar cane 1939.8 75 484.9 14864 50 01 2.6
Maize (corn) 1218.2 14 YES 1051.3 28179 08 102 55
Rice 820.2 12 YES 721.8 19347 08 145 7.6
Wheat 798.5 13 YES 693.9 1859.8 0.8 11,5 6.2
Oil palm fruit 418.7 5 397.8 1219.2 300 1437 86.8
Soya beans 397.7 12 YES 350.0 938.0 08 145 76
Potatoes 390.4 78 YES 84.7 227.1 1.0 01 06
Cassava. fresh 341.9 60 YES 136.8 366.6 20 02 11
Sugar beet 293.6 75 YES 73.4 196.8 08 01 05
Other vegetables, fresh, n.e.c. 281.5 85 YES 422 113.2 08 01 04
Tomatoes 188.5 94 YES 11.3 30.3 08 01 04
Barley 142.0 13 YES 123.8 331.9 08 122 65
Bananas 139.4 76 33.7 103.4 3.0 0.1 1.6
Onions and shallots, dry (excluding
dehydrated) 108.3 20 YES 86.6 232.1 08 38 23
Watermelons 105.0 90 YES 10.5 28.1 08 01 04
Apples 97.9 85 14.7 45.0 1.0 01 05
Yams 92.4 75 23.1 70.8 08 01 05
Sweet potatoes 90.9 75 22.7 69.7 0.8 0.1 0.5
Rape or colza seed 87.9 12 YES 77.3 207.2 08 145 76
Cucumbers and gherkins 87.8 80 YES 17.6 47.1 08 01 05
Grapes 75.9 81 14.4 44.2 200 0.1  10.0
Cabbages 75.5 93 YES 5.3 14.2 0.8 0.1 0.4
Seed cotton, unginned 72.8 20 YES 58.3 156.1 100 38 69
Oranges 67.2 90 6.7 20.6 200 0.1  10.0
Coconuts, in shell 65.5 45 36.0 110.5 200 0.5 102
Sorghum 64.3 12 YES 56.4 151.2 08 139 7.3
Mangoes, guavas, and mangosteens 62.2 83 10.6 32.4 200 0.1  10.0
Groundnuts, excluding shelled 57.6 45 YES 31.7 84.9 30 05 1.7
Eggplants (aubergines) 57.5 80 YES 11.5 30.8 08 01 05
Sunflower seed 52.2 7 YES 48.5 129.9 08 553 281
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Tangerines, mandarins, clementines 51.9 90 5.2 15.9 1.0 0.1 0.5
Mushrooms and truffles 51.6 75 YES 12.9 34.6 1.0 01 06
Carrots and turnips 45.1 80 YES 9.0 24.2 08 01 05
f:élﬁf;izfapglf;rs’ green (Capsicumspp- ¢ 60 YES 17.9 480 08 02 05
Plantains and cooking bananas 44.6 75 11.1 342 5.0 0.1 2.6
Other fruits, n.e.c. 39.2 80 7.8 24.0 3.0 0.1 1.6
Pumpkins, squash, and gourds 34.6 12 YES 30.4 81.6 08 145 76
Tea leaves 32.7 11 29.3 89.8 50.0 20.6 353
Millet 30.9 10 YES 27.6 74.1 08 21.1 109
Spinach 30.7 60 YES 12.3 329 1.0 02 06
Beans, dry 30.3 10 YES 27.2 72.9 08 227 118
Green garlic 29.7 80 YES 5.9 15.9 08 01 05
Pineapples 29.4 75 YES 7.3 19.7 08 01 05
Cantaloupes and other melons 28.2 90 YES 2.8 7.6 1.0 01 05
Lettuce and chicory 28.2 80 YES 5.6 15.1 08 01 05
Peaches and nectarines 27.9 90 2.8 8.5 20.0 0.1 10.0
Pears 27.6 84 4.4 13.6 200 0.1 100
Cauliflowers and broccoli 26.9 90 YES 2.7 7.2 1.0 01 05
Other beans, green 25.9 45 YES 14.3 38.2 08 05 06
Olives 25.6 60 10.2 31.3 200 02 101
Other tropical fruits, n.e.c. 23.9 80 4.8 14.7 0.8 0.1 0.5
Lemons and limes 23.2 90 2.3 7.1 08 01 04
Oats 224 12 YES 19.7 52.7 08 133 7.1
Peas, green 21.7 75 YES 5.4 14.6 08 01 05
Taro 18.2 75 YES 4.6 12.2 08 01 05
Chick peas, dry 16.9 13 YES 14.7 39.5 0.8 125 6.7
Natural rubber in primary forms 14.8 20 11.9 36.4 300 38 169
Papayas 14.7 89 1.6 4.8 200 0.1 100
Peas, dry 14.2 12 YES 12.5 33.4 08 145 7.6
Other citrus fruit, n.e.c. 13.4 90 1.3 4.1 20.0 0.1 10.0
Okra 13.3 24 YES 10.1 270 200 24 112
Plums and sloes 12.7 80 25 7.8 1.0 01 06
Triticale 12.4 13 YES 10.8 28.9 0.8 113 6.0
Rye 11.6 12 YES 10.2 27.4 08 145 7.6
Coffee, green 11.3 25 8.5 25.9 200 21 111
Avocados 11.2 75 2.8 8.6 20.0 0.1 10.1
Strawberries 10.7 90 YES 1.1 2.9 0.8 0.1 0.4
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Cow peas, dry 10.1 12 YES 8.9 23.8 0.8 14.5 7.6
Dates 9.9 75 2.5 7.6 20.0 0.1 10.1
Pomelos and grapefruits 9.9 90 1.0 3.0 1.0 0.1 0.5
Edible roots and tubers with high starch or
inulin content, fresh, n.e.c. 98 78 YES 22 >8 0.8 0.1 05
Green corn (maize) 9.5 75 YES 2.4 6.3 1.0 0.1 0.6
Asparagus 8.9 80 1.8 5.5 1.0 0.1 0.6
Cereals, n.e.c. 8.0 13 YES 7.0 18.7 0.8 11.3 6.0
Lentils, dry 7.9 12 YES 7.0 18.7 0.8 158 83
Sesame seed 6.7 12 YES 5.9 15.8 0.8 14.5 7.6
Broad beans and horse beans, dry 6.3 25 YES 4.7 12.6 0.8 2.1 1.5
Unmanufactured tobacco 6.0 60 YES 2.4 6.5 3.0 0.2 1.6
Onions and shallots, green 5.6 80 YES 1.1 3.0 0.8 0.1 0,5
iﬁzzj:;i zirligvevrs, dry (Capsicum spp., 5.5 25 YES 4.1 11.0 08 21 15
Cocoa beans 5.2 12 4.6 14.1 30.0 145 222
Persimmons 5.0 80 1.0 3.1 20.0 0.1 10.1
Ginger, raw 4.9 75 YES 1.2 3.3 0.8 0.1 0.5
Pigeon peas, dry 4.7 12 YES 4.1 11.0 0.8 14.5 7.6
Apricots 4.6 80 0.9 2.8 20.0 0.1 10.1
Other pulses, n.e.c. 4.4 12 YES 3.9 10.5 0.8 14.5 7.6
Kiwi fruit 4.4 80 0.9 2.7 20.0 0.1 10.1
Walnuts, in shell 4.3 12 3.8 11.7 200 145 172
Cashew nuts, in shell 4.2 45 2.3 7.1 20.0 0.5 10.2
Almondes, in shell 4.0 45 2.2 6.7 20.0 0.5 10.2
Jute, raw or retted 3.7 8 34 10.4 0.8 41.9 21.4
Other stimulant, spice, and aromatic crops, 33 25 YES 25 6.7 0.8 21 15
n.e.c.
Cherries 3.1 80 0.6 1.9 20.0 0.1 10.1
Linseed 3.0 8 YES 2.8 7.4 0.8 41.9 214
Anise, badian, coriander, cumin, caraway,
fennel, and juniper berries, raw 2.7 = YES 2.0 >4 0.8 21 1>
Otbher oil seeds,n.e.c. 2.4 20 1.9 5.9 0.8 3.8 2.3
Areca nuts 2.3 12 2.1 6.3 20.0 14.5 17.2
Leeks and other alliaceous vegetables 2.1 80 YES 0.4 1.1 0.8 0.1 0.5
Chestnuts, in shell 2.1 65 0.7 2.3 200 0.2 10.1
Mate leaves 2.0 25 YES 1.5 4.0 0.8 2.1 1.5
Buckwheat 2.0 12 YES 1.7 4.6 1.0 14.5 7.7
Castor oil seeds 1.8 12 YES 1.6 4.3 3.0 14.5 8.7
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Coir, raw 1.8 12 1.6 4.8 80.0 145 47.2
Artichokes 1.7 80 YES 0.3 0.9 1.0 0.1 0.6
Mixed grain 1.6 12 YES 1.4 3.8 08 145 76
Lupins 1.5 25 YES 1.1 3.0 0.8 2.1 1.5
Sour cherries 1.5 80 0.3 0.9 20.0 0.1 10.1
Broad beans and horse beans, green 1.5 12 YES 1.3 3.4 0.8 14.5 7.6
Blueberries 14 90 0.1 0.4 3.0 0.1 1.5
Cashewapple 14 12 1.2 3.7 300 145 222
Pistachios, in shell 1.4 12 1.2 3.7 30.0 145 222
Figs 1.3 12 1.2 3.6 20.0 14.5 17.2
Flax, raw or retted 1.3 8 YES 1.2 3.2 0.8 419 21.4
Hazelnuts, in shell 1.2 25 0.9 2.8 20.0 2.1 11.1
String beans 1.2 80 YES 0.2 0.6 0.8 0.1 0.5
Other nuts (excluding wild edible nuts and

groundnuts), in shell, n.e.c. 1.1 25 0.8 2.5 20.0 2.1 11.1
Othe'r Perries and fruits of the genus L1 %0 o1 03 0.8 01 04
vaccinium, n.e.c.

Tallowtree seeds 1.1 25 0.8 2.4 0.8 2.1 1.5
Melonseed 1.0 25 YES 0.7 2.0 0.8 2.1 1.5
Pepper (Piper spp.), raw 0.9 12 0.8 2.5 250 145 197
Raspberries 0.9 90 0.1 0.3 3.0 0.1 1.5
Other sugar crops, n.e.c. 0.9 10 0.8 2.5 0.8 234 12.1
Mustard seed 0.9 25 YES 0.6 1.7 0.8 2.1 1.5
Karite nuts (sheanuts) 0.8 25 0.6 1.9 20.0 2.1 11.1
Currants 0.7 80 0.1 0.4 3.0 0.1 1.6
Quinces 0.7 90 0.1 0.2 300 0.1 15.0
Safflower seed 0.7 25 YES 0.5 1.4 0.8 2.1 1.5
Fonio 0.7 90 YES 0.1 0.2 0.8 0.1 0.4
Other fibre crops, raw, n.e.c. 0.7 24 0.5 1.5 0.8 2.4 1.6
Vetches 0.7 25 YES 0.5 1.3 0.8 2.1 1.5
Cranberries 0.6 85 0.1 0.3 3.0 0.1 1.5
Other stone fruits 0.6 80 0.1 0.4 200 0.1 10.1
Tung nuts 0.4 25 0.3 1.0 20.0 2.1 11.1
Yautia 0.4 93 YES 0.0 0.1 0.8 0.1 0.4
True hemp, raw or retted 0.4 25 YES 0.3 0.7 1.0 2.1 1.6
Kola nuts 0.3 25 0.2 0.7 20.0 2.1 11.1
Canary seed 0.3 12 YES 0.3 0.7 0.8 14.5 7.6
Kapok fruit 0.3 25 0.2 0.7 200 2.1 11.1
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Cinnamon and cinnamon-tree flowers, raw 0.2 12 0.2 0.7 4.0 14.5 9.2
Bambara beans, dry 0.2 24 YES 0.2 0.5 0.8 2.4 1.6
Sisal, raw 0.2 24 0.2 0.5 5.0 2.4 3.7
Kenaf and other textile bast fibres, raw or
retted 0.2 24 YES 0.2 0.5 0.8 2.4 1.6
Cloves (whole stems), raw 0.2 65 YES 0.1 0.2 1.0 0.2 0.6
Nutmeg, mace, cardamom, raw 0.2 12 0.2 0.5 30.0 14.5 22.2
Quinoa 0.2 12 YES 0.1 0.4 0.8 14.5 7.6
Other pome fruits 0.2 80 0.0 0.1 200 0.1 10.1
Hop cones 0.2 24 0.1 0.4 50.0 2.4 26.2
Abaca, manila hemp, raw 0.1 24 YES 0.1 0.2 0.8 2.4 1.6
Gooseberries 0.1 80 0.0 0.1 3.0 0.1 1.6
Brazil nuts, in shell 0.1 12 0.1 0.2 20.0 14.5 17.2
Ramie, raw or retted 0.1 24 YES 0.0 0.1 0.8 2.4 1.6
Locust beans (carobs) 0.1 80 0.0 0.0 20.0 0.1 10.1
Agave fibres, raw, n.e.c. 0.0 8 0.0 0.1 40.0 41.9 41.0
Peppermint, spearmint 0.0 75 YES 0.0 0.0 0.8 0.1 0.5
Hempseed 0.0 8 YES 0.0 0.1 0.8 419 214
Chicory roots 0.0 24 YES 0.0 0.0 0.8 2.4 1.6
Poppy seed 0.0 12 YES 0.0 0.0 0.8 14.5 7,6
Pyrethrum, dried flowers 0.0 12 YES 0.0 0.0 08 145 76
Vanilla, raw 0.0 24 0.0 0.0 10.0 2.4 6.2
Jojoba seeds 0.0 12 YES 0.0 0.0 3.0 14.5 8.7
Total/Means Weighted by Dry Weights 9861 46.0 5228.72 14474.1 49 206 127

Appendix 2: Forages

Fresh weight of global livestock products in 2023 (FAO, n.d.), anhydrous forages

consumed by these livestock, CO, mobilized, duration of photosynthetic carbon

capture (CP), duration of mineralization restitution (MR), and half-life of plant

carbon (DSC), ranked in descending order of carbon weight. The conversion rate
applied is 4.336 (Mottet et al., 2017). The C/ms ratio of annual plants is used, i.e.,

0.425. The resulting carbon capture is reduced by 14% to remove the portion al-

ready included in Appendix 1.

Product W;;;s:Mt Dry/i/‘[’trage Mt CO» f; }E\f DSClyr
Raw milk of cattle 3457.0 11151.54 1.0 0.5 0.8
Raw milk of buffalo 153.0 663.6 2140.5 1 0.5 0.75
Meat of chickens, fresh or chilled 556.3 1794.6 0.8 0.5 0.65
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Meat of a pig with the bone, fresh or chilled 125.4 543.5 1753.4 2 0.5 1.25
Hen eggs in shell, fresh 93.7 406.3 1310.5 0.8  0.04 0.42
Meat of cattle with the bone, fresh or chilled 69.7 302.4 975.6 3 0.5 1.75
Raw milk of goats 20.4 88.6 285.8 1 0.5 0.75
Meat of sheep, fresh or chilled 11.5 50.0 161.4 2 0.5 1.25
Fat of pigs 11.4 49.3 159.0 0.8 10 5.4
Raw milk of sheep 9.8 42.6 137.3 1 0.5 0.75
Edible offal of cattle, fresh, chilled, or frozen 9.7 42.0 135.6 3 0.5 1.75
Raw hides and skins of cattle 8.8 38.0 122.5 0.8 10 5.4
Edible offal of pigs, fresh, chilled, or frozen 8.2 35.6 114.8 2 0.5 1.25
Meat of goat, fresh or chilled 7.7 33.6 108.3 2 0.5 1.25
Meat of ducks, fresh or chilled 7.3 31.8 102.6 3 0.5 1.75
Meat of buffalo, fresh or chilled 7.3 31.6 102.1 0.8 0.5 0.65
Eggs from other birds in shell, fresh, n.e.c. 6.3 27.3 88.1 0.8  0.04 0.42
Meat of geese, fresh or chilled 5.4 234 75.6 0.8 0.5 0.65
Meat of turkeys, fresh or chilled 5.1 22.0 71.1 0.8 0.5 0.65
Raw milk of a camel 4.2 18.2 58.6 1 0.5 0.75
Cattle fat, unrendered 3.4 14.8 47.7 0.8 10 5.4
Raw hides and skins of sheep or lambs 2.2 9.4 30.4 0.8 10 5.4
Game meat, fresh, chilled, or frozen 2.1 8.9 28.7 2 0.5 1.25
Natural honey 2.0 8.6 27.8 1 0.5 0.75
Edible offal of sheep, fresh, chilled, or frozen 2.0 8.6 27.7 0.8 10 5.4
Shorn wool, greasy, including fleece-washed shorn wool 1.7 7.4 23.7 0.8 10 5.4
Other meat of mammals, fresh or chilled 1.6 6.8 21.9 0.8 0.5 0.65
Raw hides and skins of goats or kids 1.5 6.6 21.3 2 0.2 1.1
Raw hides and skins of buffalo 1.5 6.5 21.0 0.8 10 5.4
Edible offal of goat, fresh, chilled, or frozen 1.5 6.4 20.7 1 0.5 0.75
Edible offal of buffalo, fresh, chilled, or frozen 1.2 54 17.5 3 0.5 1.75
Meat of rabbits and hares, fresh or chilled 0.8 3.7 11.8 4 0.5 2.25
Horse meat, fresh or chilled 0.7 3.2 10.5 0.8 0.5 0.65
Meat of camels, fresh or chilled 0.7 2.9 9.2 0.8 10 5.4
Sheep fat, unrendered 0.6 2.8 9.0 3 0.5 1.75
Silk-worm cocoons suitable for reeling 0.5 2.0 6.5 0 2 1
Buffalo fat. unrendered 0.4 1.9 6.2 0.8 10 5.4
Goat fat, unrendered 0.3 1.4 44 0.8 10 5.4

Edible offal of horses and other equines, fresh, chilled, or
frozen 0.1 0.4 1.3 3 0.5 1.75
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Continued
Edible offal of camels and other camelids, fresh, chilled, or
0.1 0.4 1.3 3 0.5 1.75
frozen
Meat of asses, fresh or chilled 0.1 0.3 1.0 3 0.5 1.75
Beeswax 0.1 0.3 0.9 0 100 50
Meat of other domestic camelids. fresh or chilled 0.0 0.1 0.5 3 0.5 1.75
Fat of camels 0.0 0.1 0.4 0.8 10 5.4
Snails, fresh, chilled, frozen, dried, salted, or in brine,
. 0.0 0.1 0.3 0.8 0.5 0.65
except sea snails
Meat of other domestic rodents, fresh or chilled 0.0 0.1 0.3 0.8 0.5 0.65
Meat of pigeons and other birds, n.e.c., fresh, chilled or frozen 0.0 0.1 0.2 0.8 0.5 0.65
Meat of mules, fresh or chilled 0.0 0.0 0.1 4 0.5 2.25
Total/Means Weighted by Dry Weights 1515.8 6572.6 212016 1.18 0.68 0.93
Part Not Consumable by Humans (86%) 5652.4 18233.3

Appendix 3: Forestry Products

Volume of global forest products in 2024 (FAO, n.d.), dry weight, CO, mobilized,

growth period and storage (GP), and consumption-mineralization period (CM).

Densit CP DSC
Item Mm? Y DryMt COydm  MtCOs/yr RM/yr
t/m? lyr lyr

Wood fuel, non-coniferous 1711 0.70 1197.5 1.767 3322.7 50 2 26
Sawlogs and veneer logs, coniferous 706 0.6 423.9 1.852 1232.3 30 30 30
Sawlogs and veneer logs, non-coniferous 393 0.70 275.1 1.767 763.3 50 30 40
Pulpwood, round and split, non-coniferous

X 384 0.70 268.9 1.767 746.2 50 30 40
(production)
Pulpwood, round and split, coniferous

. 316 0.6 189.8 1.852 551.7 30 30 30
(production)
Wood fuel, coniferous 238 0.6 143.0 1.852 415.7 30 2 16
Other industrial roundwood, non-coniferous

X 114 0.70 80.0 1.767 2219 50 100 75
(production)
Other industrial roundwood, coniferous

i 42 0.6 24.9 1.852 72.5 30 100 65
(production)

Total/Means Weighted by Dry Weights 3904.76 0.65 2603 7326.2 438 185 31.2
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