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Abstract

Mangroves are highly productive ecosystems due to their great capacity to store carbon,
but they are also vulnerable to human activities and adverse environmental conditions.
Their conservation is often constrained by the opportunity costs of shifting from tradi-
tional economic activities to blue carbon projects. This work analyzes the prices of the
different carbon markets in ecosystems, compares them with the benefits obtained from
other productive activities, and evaluates the viability of implementing carbon projects
in mangroves. An exhaustive literature search is conducted to assess the carbon prices
of ecosystems worldwide. The opportunity costs of mangrove carbon capture projects in
Mexico are estimated from site-specific and regionally relevant economic data; additionally,
broader national benchmarks are presented for contextual comparison but are not inter-
preted as direct opportunity costs where they do not represent realistic land-use alternatives
for the mangrove sites analyzed. The price of carbon ranges from 4 to 86 USD per Mg
COgye. The most studied natural ecosystems are forests. The highest gross annual profit
(GAP) from carbon sales is observed in Tabasco and Campeche. GAP with mangrove wood
harvesting ranges from 628.0 USD ha~! year~! to 3917.7 USD ha~! year~!. The highest
GAP for crops is obtained for white corn in the state of Hidalgo. GAP of the economic
activity of livestock ranges from 3167.59 USD ha~! year~! to 3365.71 USD ha~! year~!.
The blue carbon projects are competitive with other productive activities at relatively high
prices (86 USD per Mg COse). In Tabasco, under certain high-price and high-sequestration
scenarios, blue carbon projects can be competitive with local agricultural activities; however,
this competitiveness is highly conditional on carbon price, sequestration rates, and local
opportunity costs, and therefore cannot be generalized to all mangrove owners without
site-specific appraisal. Fair carbon prices are required to make mangrove conservation
projects attractive to producers.
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1. Introduction

Mangroves are considered highly productive ecosystems because of their great ca-
pacity to store carbon [1]. However, mangroves are vulnerable to human action and
adverse environmental conditions, such as changes in the mean sea level and prolonged
droughts [2]. In recent decades, mangroves have experienced loss and degradation due to
activities such as agriculture and aquaculture. In Southeast Asia, for example, between 2000
and 2012, 38% of the mangrove area was used for rice and oil palm agriculture, whereas 30%
was used for aquaculture [3]. The conversion of mangroves to land with other uses, such
as pastures for livestock, has high costs in terms of greenhouse gas (GHG) emissions, as
well as losses of other important ecosystem services. The large carbon stocks, high rates of
deforestation of mangroves, and consequently high GHG emissions indicate the importance
of including mangroves in appropriate national strategies for climate change mitigation
and adaptation [4]. This global relevance has led to the recognition of mangroves as critical
“blue carbon” ecosystems, essential for both biodiversity and climate regulation [5].

Carbon pricing has become a central mechanism for reducing emissions and guiding
countries toward sustainable growth trajectories [6,7]. Carbon markets, both mandatory
and voluntary, enable flexible transactions through the purchase and sale of CO, emission
permits [8]. The voluntary carbon market, in particular, arises from the demand of compa-
nies and individuals seeking to offset their emissions, often motivated by corporate social
responsibility and reputational benefits [9,10].

Carbon credits are tradable titles accredited by carbon project certification agencies
and are put up for sale to companies that wish to compensate for their emissions on a
voluntary basis [9], with certification processes that provide environmental and social
co-benefits, enhance reputation, and contribute to sustainability goals [9,11]. The value
of carbon credits varies according to project scale, type, and location, with larger projects
generally offering lower prices and smaller projects achieving higher values [10].

The valuation of ecosystem services, including carbon sequestration, directly influ-
ences community decisions regarding conservation and land use [12,13]. Blue carbon
projects, when certified and sustainably managed, can generate income for local popula-
tions, improving livelihoods and reducing poverty rates [14,15].

Projects for the restoration and protection of blue carbon ecosystems (mangroves, sea-
grasses, and marshes) have the potential to offset GHG emissions; however, this potential
depends on the level of global investment in restoration and protection [16]. The creation of
a powerful financial incentive for forest restoration, by converting the value of forest carbon
into cash income, depends on several socioeconomic and political factors, highlighting the
need for transparent carbon markets accessible to farmers. Such conditions are consistent
with the challenges identified in REDD+ programs, where opportunity costs of alternative
land use often determine feasibility [3,17].

Estimating opportunity costs allows us to know the causes and factors that motivate
deforestation [18]. In some areas, conservation is not possible, owing to the opportunity
costs of shifting from an economic activity (for example, livestock or sugarcane) to carbon
offsets to protect wetlands [19]. Furthermore, great variability in opportunity costs exists
within and between countries, and thus, carbon prices are generally estimated for specific
regions; it is not clear how applicable these estimated values are to other regions. For
example, previous studies have focused solely on carbon payments for the conservation of
mangrove forests on the basis of national averages of mangrove extent and carbon stocks [3].
Therefore, site-specific analyses are essential to capture local economic realities and improve
the design of conservation incentives [20]. This study evaluates the opportunity costs of the
change from carbon offsets to wood production, which is an alternative activity to carbon
storage in mangroves. In addition, the income generated by carbon offsets at specific sites is
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compared with the profits obtained from other productive agricultural activities in Mexico
(corn and cattle).

Slowly growing demand for offsets in the carbon market could be met by the blue
carbon pool [21]. In this way, accounting for carbon emissions from mangrove soils should
greatly increase the priority of mangrove forests in terms of their ability to receive funds
for protection under carbon trading programs [22]. However, blue carbon programs are
rarely implemented, and mangroves are rapidly being converted to alternative uses [3]. In
this sense, according to Ranero et al. [10], in Mexico, there are no existing projects in the
voluntary market for the sale of mangrove carbon credits. Therefore, generating reliable
information on the carbon price in Mexico is essential to support mangrove conservation
and discourage changes in land use for other economic activities.

The objective of this study is to conduct a cost-benefit analysis of three productive
activities (wood harvesting, corn cultivation, and livestock) and a conservation project (car-
bon capture) to compare each project and calculate optimal margins for those conservation
projects associated with carbon sequestration. To achieve this goal, an exhaustive literature
search of carbon equivalent prices is carried out, as is a literature review of the selected pro-
duction systems and the cost structure according to the type of technology selected. With
these results, the owners of the mangroves of environmental management units (EMUs) in
Mexico can have practical tools based on evidence, not only for better decision-making in
the sustainable management of their resources but also for the successful management of
greater economic benefits in payment programs for ecosystem services.

2. Materials and Methods

The methodology of this work was divided into two stages. The first stage focused
on a systematic search for carbon equivalent prices in carbon sequestration projects in
different ecosystems. The second stage consisted of the estimation of the opportunity
costs of a conservation activity (carbon capture) and the cost-benefit analysis of three
productive activities—wood harvesting, corn cultivation, and extensive livestock (fattening,
dual purpose, and the sale of milk)—through a literature review of their economic values
to later compare the results and estimate the optimal margins of conservation projects on
the basis of minimum carbon storage.

2.1. Systematic Search for Carbon Prices in Ecosystems

An exhaustive literature search was conducted to assess the carbon prices of ecosys-
tems worldwide. The methodological framework applied is outlined in Figure 1 [23].

2.2. Information Sources and Search Strategy

An electronic literature search was carried out on carbon prices in the different ecosys-
tems of the world. Web of Science was the main database used, and the search was conducted
with English and Spanish keywords. In the initial phase, the titles and abstracts of the net-
work were screened to identify eligible studies. In the second phase, the full texts of the
selected articles were read to determine if they met the inclusion and exclusion criteria.

The search for carbon prices ran from 1992 to 2024 in order to assess the historical
evolution of carbon prices. Two series of searches were conducted. The first search for
information (Table 1) was carried out by applying the following keywords: (“carbon
sequestration” OR “carbon capture” OR “carbon sink” OR “carbon stock”) AND (forest OR
biomass OR mangrove) AND (payment OR standard OR broker OR “economic analysis”
OR “economic valuation” OR “economic assessment” OR “carbon assessment” OR “carbon
valuation” OR “carbon tax” OR “cost and benefit” OR “carbon pricing”) AND (Mg ha~!
ORMgC ha—! OR Mg COse ha~!) in the title and abstract.
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Figure 1. Flow diagram process for exhaustive literature search of carbon prices [23,24].

Table 1. Query codes used in the first search for information.

ID

Consultation Code

Result

01

All databases; all years; mangrove OR Laguncularia OR Avicennia OR Rhizophora (Topic);
Refining results: Date: newest first (Sort by)

31,377

02

All databases; all years; mangrove OR Laguncularia OR Avicennia OR Rhizophora (Topic)
AND carbon (Topic); Refining results: Date: newest first (Sort by)

5563

03

All databases; all years; mangrove OR Laguncularia OR Avicennia OR Rhizophora (Topic)
AND carbon (Topic) AND Mg ha OR ton ha (Topic); Refining results: Date: newest first
(Sort by)

381

04

All databases; all years; mangrove OR Laguncularia OR Avicennia OR Rhizophora (Topic)
AND carbon (Topic) AND Mg ha OR ton ha (Topic); Refining results: USD (Search
within topic) Date: newest first (Sort by)

Because the first search did not yield satisfactory results, we conducted a second

search by refining the search terms, focusing specifically on carbon price, and expanding
the scope to include documents published in both English and Spanish. The second search
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(Table 2) was carried out with the keywords USD CO, ton OR USD CO, Mg in the title and
abstract, as well as a refinement of the search with the following words: forest OR bosque
(Topic) and carbon OR carbono (Topic) and Mg ha OR ton ha (Topic) and price OR precio
OR USD/ha OR USD.

Table 2. Query codes used in the second search for information.

ID Consultation Code Result
All databases; all years; usd CO, ton OR usd CO, Mg (Topic); Refining results: Date:
01 . 454
newest first (Sort by)
All databases; all years; forest OR bosque (Topic) and carbon OR carbono (Topic) and
02 Mg ha OR ton ha (Topic) and price OR precio OR USD/ha OR USD (Topic); Refining 86
results: Date: newest first (Sort by)
All databases; all years; mangrove OR Laguncularia OR Avicennia OR Rhizophora (Topic)
03 AND carbon (Topic) AND Mg ha OR ton ha (Topic); Refining results: Date: newest first 7
(Sort by)
All databases; all years; manglares OR Laguncularia OR Avicennia OR Rhizophora (Topic)
04 AND carbono (Topic) AND Mg ha OR ton ha (Topic); Refining results: Date: newest 1

first (Sort by)

2.3. Eligibility Criteria

The inclusion criteria for the study were as follows: (1) a numerical value of the
carbon price; (2) articles published in English or Spanish; and (3) articles published at any
time, that is, without an established deadline. Ecosystems were classified according to the
classification proposed by Ning et al. [25]:

Forest: includes the different types of forests.

Wetland: formed by swamps, mangroves, and saturated lands.

Water: includes seas, streams, rivers, lakes, and other bodies of water (natural or artificial).

2.4. Data Extraction and Analysis

The abstracts of the articles were screened, and full texts that reported quantitative
carbon estimates and associated prices were retained for data extraction. Data extraction
was performed independently by the first author (C.R. Avila-Acosta) and the third author
(C.J. Vazquez-Navarrete). Extracted items included reported carbon price, units, ecosystem
type, carbon compartments considered, and methodological details. All extracted values
were cross-checked between the two reviewers; disagreements or ambiguous entries were
discussed and, if consensus was not reached, the first author (C.R. Avﬂa—Acosta) made the
final decision. To enable comparison, all price data were homogenized to USD per Mg
COge using standard conversion factors under a fixed nominal exchange rate assumption;
when studies reported prices in different units or for different carbon pools, we converted
units where possible and recorded the original reporting units and assumptions. Not all of
these studies took into account all the compartments in the tree to determine carbon (such
as aboveground carbon (AGC), underground carbon (BGC), and soil carbon) and thus
estimate the carbon price. To derive a rough estimate of the carbon price, it was assumed
that the carbon price applies to the carbon stock of the entire ecosystem.

2.5. Ecosystem Service/Conservation Opportunity Cost (Mangrove Carbon Sequestration)

A literature review of different projects in Mexico related to the determination of
aboveground biomass was carried out (Figure 2). The sources from which the analyzed
information was obtained are described below:
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The public lands Ursulo Galvan, La Solucién Somos Todos, Francisco Trujillo Gurria,
Puerto Ceiba, and El Golpe are all located in the state of Tabasco. The mangrove
ecosystem at these sites is composed of three main mangrove species: R. mangle, L.
racemosa, and A. germinans [26-28].

The Ursulo Galvén public land encompasses a forest area of approximately 930 ha,
situated at a minimum distance of 2750 m from the sea. It is crossed by the Los
Caballos River, influenced by the El Eslabén—La Tinaja—Si Sefiora lake system, and
contains both riverine and basin-type mangroves [27]. The site has a management
plan approved by Secretaria de Medio Ambiente y Recursos Naturales (SEMARNAT),
which includes practices such as manual clearing for the control of weeds and parasitic
species. No timber harvesting is carried out, and the mangroves in the area are
managed by the local community.

La Soluciéon Somos Todos public land is located south of Laguna Mecoacédn and has a
forest area of 1936 ha. The site has a history of timber harvesting; in 2005, an annual
volume of 5855 m> was authorized. The mangroves at this site have been managed under
a management plan establishing an annual extraction volume of 4 m3 ha~! year~! [29].
The Francisco Trujillo Gurria public land is located southwest of Laguna Mecoacan.
Its mangrove reserve area covers 1278 ha [30], of which SEMARNAT authorized an
annual harvesting volume of 4158 m3 in 2005. The harvested mangroves are managed
under a plan establishing an annual extraction volume of 2.72 m3 ha~! year~! [29].
The Puerto Ceiba public land is located west of Laguna Mecoacdn and comprises
568 ha. The ejido operates under a forest management program. The harvested
mangroves are regulated by a management plan establishing an annual extraction
volume of 13.63 m> ha™! year’1 [29].

The El Golpe public land is located southwest of Laguna de la Machona and has a
forest area of 1500 ha. The hydrography is defined by the Rio Santa Ana. In 2002, it
received authorization to harvest a total volume of 30,000 m® of timber over a ten-year
period. The mangroves are managed under a plan establishing an annual extraction
volume of 1.70 m3 ha—! year’1 [29].

La Encrucijada Reserve is located in southern Chiapas, within the physiographic
region known as the Pacific Coastal Plain. It covers an area of 144,868 ha, of which
36,216 ha correspond to two core zones (La Encrucijada and Palmarcito) and 108,651
ha comprise the buffer zone. The site contains a fluvial system of short-course rivers
averaging approximately 45 km in length and strongly influenced by the rainy season.
The hydrography consists of 17 main watercourses: Huixtla, Cintalapa, Vado Ancho,
and Sesecapa, among others [31]. The dominant mangrove forests are riverine, al-
though fringe and basin mangroves are also present [32]. There are five mangrove
species: R. mangle, Rhizophora harrisonnii, A. germinans, L. racemosa, and Conocarpus
erectus. Swamp forests dominated by Pachira aquatica and Zygia conzattii occur on
gently sloping lands and riverbanks, while freshwater marsh communities dominated
by Typha domingensis cover extensive areas at river mouths. Flooded pastures are
dominated by Paspalum conjugatum [33]. In the Mangrove, Zapotonal, Medium-stature
Tropical Forest, Palm Grove, Tular, and Popal zones, only preservation activities such
as scientific research, monitoring, education, and training are permitted. Activities that
alter ecological balance—such as habitat modification, introduction of exotic species,
and tourism, among others—are prohibited [31].

The Marismas Nacionales Wetland System is located within the Reserva de la Biosfera
Marismas Nacionales, along the northern Pacific coast of Mexico. It is a protected nat-
ural area (ANP) covering 133,000 hectares and includes a network of brackish coastal

https://doi.org/10.3390/earth7040136


https://doi.org/10.3390/earth7040136

Earth 2026, 7, 136

7 of 28

30°0'N

20°0'N

110°00

||

t\‘t};

(@) BT
| t¥“m%»(b) (e) L

0 250 500 km Pacific Ocean (d)

lagoons, floodplains, tidal creeks, estuaries, ancient sandy barriers, semi-parallel
lagoons, deltas, swamps, marshes, and mangroves. Mangroves are the dominant
vegetation, extending over 67,096 ha, primarily as fringe and riverine types. The
mangrove species present are R. mangle, L. racemosa, A. germinans, and Conocarpus
erectus [34].

Pantanos de Centla and Laguna de Términos are formed on an extensive coastal plain
with several large coastal lagoons associated with the Rio Usumacinta and Rio Grijalva
rivers. River inputs help maintain flooded conditions year-round. Marshes dominate
the landscape, while forested areas are mainly distributed around the lagoons. Man-
grove surface is estimated at 5214 ha [35]. Species composition is comparable to that
described for La Encrucijada Reserve; however, in Centla-Términos, mangroves are
dominated by R. mangle, and swamp forests by Bucida buceras. In addition to river
discharge, the wetland area receives substantial inputs of upwelling groundwater [33].
The Boquilla-Mancha Wetlands are located along a narrow coastal plain with small
rivers. Groundwater feeds the system, and wetlands occur in geomorphological set-
tings that allow water accumulation. These wetlands include mangroves, freshwater
swamps, and freshwater marshes. Common species include R. mangle, A. germi-
nans, and L. racemosa in mangroves, and P. aquatica and Annona glabra in freshwater
swamps [33].
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Figure 2. Study area of the different projects in Mexico related to aboveground biomass capture
(Shapefiles source: [33,36-38]).

The annual CO,e sequestration was estimated using a regionally relevant diameter

growth rate reported for mangrove species in La Encrucijada Reserve, Chiapas, Mex-

ico [39]. In La Encrucijada Reserve, the initial diameter at breast height (DAP) ranged from
55+ 4.5cm to 8.6 + 6.8 cm, and tree heights ranged from 7.6 = 4.5 m to 11.5 £+ 6.8 m;
these stand structure values were compared with mangroves in Ursulo Galvan, Tabasco,
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where DAP values range from 9.2 & 0.7 cm to 11.6 £ 1.3 cm [27], and with Centla, Tabasco-
Términos, Campeche (trees with DAP > 10 cm), and Boquilla-Mancha, Veracruz (trees
with DAP < 10 cm) [33]. We emphasize that we used external, site-referenced estimates
rather than growth rates measured directly at the study sites; therefore, these values define
plausible scenarios for carbon accumulation. To address uncertainty in this key biological
input, we performed a sensitivity analysis with three growth-rate scenarios tied to observed
species-level variation: Low = 0.20 cm year~! (A. germinans), Medium = 0.4 cm year—! (L.
racemosa), and High = 0.55 cm year~! (R. mangle). This range reflects documented interspe-
cific differences and provides a transparent envelope of plausible sequestration outcomes;
results are reported for each scenario so readers can assess how economic conclusions de-
pend on the growth-rate assumption. We also note that local factors (species composition,
stand density, salinity, hydroperiod, sediment and nutrient conditions, freshwater inputs,
and disturbance or management history) can substantially alter growth and sequestration
rates, and therefore our analysis is presented as a conditional scenario exercise rather than
a definitive site-specific appraisal.

Average annual income was calculated considering the minimum and maximum prices
observed in the systematic literature review of carbon prices in the world’s ecosystems.

Project costs were estimated using the Climate Action Reserve (CAR) scenario: we
modeled a single-site (communal property) project registered under the Climate Action
Reserve. For this scenario, we used the CAR cost-benefit tool and assumed a 30-year
project lifetime with a five-year verification interval (i.e., periodic verification events every
five years). The CAR scenario assumes a single area of activity with no logging (0% harvest)
and excludes belowground /soil carbon in line with the CAR protocol. Cost components
included in the CAR calculation were: baseline and project development (inventory and
baseline studies), project implementation, monitoring and MRV (field measurements and
data management), third-party validation/verification fees, registry and issuance fees,
project administration, and routine operational costs. Annual project cost was obtained by
annualizing the total 30-year cost; cost per unit area was calculated by dividing the annual
cost by the project area. Gross annual profit (GAP) was calculated by subtracting the cost
per unit area from the average annual income.

The present analysis adopts a simplified scenario for carbon-credit income: we treat
the estimated annual CO,e capture at each site as the flow that could be valued at the se-
lected carbon price. This approach does not account for the full set of rules and adjustments
that determine the number of accreditable carbon credits and the net revenues of a certified
project. In practice, credit issuance and payments depend on additionality and baseline
setting, leakage assessments, permanence risks (and associated buffer deductions), uncer-
tainty discounts, and the costs and requirements of monitoring, verification, registration,
and transactions. Consequently, the income values reported here should be interpreted as a
simplified scenario and not as guaranteed payments that producers would receive under a
complete certification process.

For consistency with the cost calculations and the CAR protocol used in this study,
our carbon estimates are limited to aboveground biomass. The CAR standard applied in
our scenarios does not account for soil or belowground carbon; therefore, payments under
the CAR-based scenario would not include compensation for carbon stored in soils or other
belowground pools. As a result, the figures presented do not represent the total climate
value of blue carbon ecosystems if soil and sediment carbon were to be credited under
alternative protocols that explicitly include those compartments.

For clarity and spatial-economic coherence, we distinguish three types of comparisons
used in this study: (1) Direct opportunity costs—income streams that represent realistic
alternative uses of the same mangrove land or immediate decision context (e.g., authorized
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timber extraction or local extensive livestock practiced within the same EMU); (2) regional
livelihood comparisons—productive activities occurring within the same coastal region
or state that may represent plausible livelihood alternatives for some mangrove owners
(e.g., crop or livestock systems documented in the same state or neighboring coastal states);
and (3) national benchmarks (reference scenarios)—productivity and profitability values
from other states or contexts presented for broader comparison but not treated as direct
opportunity costs for the mangrove sites. Only values classified as (1) are used to compute
site-level opportunity costs and to draw conclusions about the economic incentives facing
owners of the studied mangrove areas; values in categories (2) and (3) are presented as
contextual information and are explicitly labeled as such in tables and text.

We use gross annual profit (GAP) as a primary comparative metric for simplicity
and transparency. However, carbon projects are long-term investments with uneven
costs and revenues over time (upfront investments, periodic monitoring and verification,
buffer set-asides, and deferred credit issuance). Annualizing total project costs by simple
division over the project lifetime may not capture true cash-flow dynamics, the timing
of upfront expenditures, or the periodic nature of verification and transaction costs [40].
Therefore, GAP should be interpreted as a simplified comparative indicator rather than a
full investment appraisal. We explicitly acknowledge that GAP alone does not reflect the
time value of money, investment risk, or the timing of returns; supplementary discounted
cash-flow analyses and sensitivity tests are required for project-level investment decisions.

2.6. Cost—Benefit Analysis of Productive Activities

For the timber harvest, the estimation of GAP was carried out via Equation (1) [41]:

GAP = (Pextraction X Paverage) - (Cproduction + Cborrowing) (1)

where

GAP = Gross annual profit in USD ha~! year~!.

Pextraction = Yolume of wood extraction in m3 ha~! year’l.
Paverage = Average price of wood in USD m 3.

Cproduction = Production cost in USD ha~! year—!.

Crorrowing = Cost of borrowing in USD ha=! year~1.

GAP from timber harvesting was calculated from the extraction densities reported by
Dominguez-Dominguez et al. [29] in various places in the state of Tabasco. These data were
complemented by information obtained from the systematic literature review, where the
aboveground biomass from different sites in Mexico was collected. The extraction volume
at these sites was calculated using a diameter growth rate of 0.4 cm year! (medium-
growth scenario), as reported by Veldzquez-Pérez et al. [39] for La Encrucijada Reserve,
Chiapas, Mexico. It was assumed that 50% of tree growth was used, in line with what was
proposed by Dominguez-Dominguez et al. [29], to ensure the conservation of the site and
guarantee sustainability.

A literature review was conducted to obtain data on labor costs, motorboats, and
chainsaws within the defined study area. Based on this information, the wood production
cost was estimated through a cost analysis that considered only the essential inputs for the
operation. It was assumed that these resources were sufficient to cover the entire study
area. Finally, financial costs associated with the financing of the main inputs were included,
applying a defined interest rate for the calculation of the required loans.

Comparison with crops was carried out following the methodology of [42] to estimate
gross earnings from corn cultivation. GAP was obtained with Equation (2):

GAP = (Raverage X Pavemge) - (Cproduction + Cborrowing) (2)
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where
GAP = Gross annual profit in USD ha~! year~!.
Raverage = Average yield in kg ha=! year—1.
Paverage = Average price of corn in USD kgfl.

Cproduction = Production cost in USD ha™! year‘l.

Crorrowing = Cost of borrowing in USD ha=! year 1.

A literature review was carried out to obtain the yield of the corn crop for Mexico in
Mg ha~!, as well as the average prices of the crops in USD Mg~! and the production costs
in USD ha~!. The cost of borrowing to finance the inputs was obtained using the 4.875%
interest rate for production costs proposed by Jantawong et al. [42].

The calculation of GAP for livestock was carried out using the following Equation (3)

proposed by Romén et al. [43]:
GAP = Iiotar — Cilk and meat ©)

where

Liotar = Total income in USD ha~! year‘l.

Conitk and meat = Total cost of milk and meat in USD ha~! year_l.

Total income = Sales of milk + Sales of animals.

Sales of milk = Milk production (L ha~! year~!) x Unit sale price (USD L™1).

Milk production = Production (L AU™') x Yield (AU ha~! year™!).

Sale of animals = Production of meat (kg ha~! year—!) x Unit sale price (USD kg™ !).

Production of meat = Heifer weight (kg AU™!) x Yield (AU ha~! year™1).

Total cost of milk and meat = Variable costs (USD ha™! year 1) + Fixed costs (USD
ha=! year™1).

The estimation of the total cost of milk and meat was based on a literature review,
from which information on variable and fixed costs was derived. The data were reported
in USD per kilogram. The variable cost in USD ha~! year~! was derived by multiplying
the variable cost value by the livestock yield in Tabasco (AU ha~!) and the corresponding
live weight per animal unit (kg AU™Y).

A price homogenization was conducted due to differences in the dates on which the
information was obtained from the various sources consulted. To ensure comparability,
the values were adjusted based on the cumulative inflation from the publication date
of each source up to January 2024. The tool used to calculate inflation according to the
year of data collection was as follows: https://www.inegi.org.mx/app/indicesdeprecios/
Calculadoralnflacion.aspx (accessed on 30 January 2024).

After homogenizing values in MXN, all amounts were converted to USD using a
single market exchange rate of 1 USD = 16.88 MXN, corresponding to the consultation
date 12 January 2024. Inflation adjustments were applied dynamically according to the
year of each source prior to currency conversion to ensure temporal comparability. We did
not apply purchasing-power-parity (PPP) adjustments; all conversions use the nominal
market exchange rate stated above. This choice was made to preserve comparability with
the international carbon-price literature that typically reports nominal USD values, but we
acknowledge that it does not account for differences in local purchasing power.

2.7. Comparison of Carbon Prices for the Use of Wood, Crops, and Livestock

The comparison of carbon prices with production systems was structured according
to the three comparison types defined above. For direct opportunity cost calculations, we
selected only those production scenarios that are documented as occurring in the same EMU
or in immediately comparable mangrove-adjacent land (e.g., timber extraction volumes
authorized for the same public lands). For regional comparisons, we report GAP values
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from productive systems documented within the same coastal state or neighboring coastal
states and discuss their plausibility as alternatives. For national benchmarks (e.g., high-
yield maize systems in inland states), values are reported solely as reference points and are
not used to compute site-level opportunity costs. The AMC calculation (Equation (4)) is
applied to scenarios classified as direct alternatives, regional and benchmark scenarios.

The comparison between carbon prices and production systems was carried out by
calculating the minimum annual carbon store (AMC) required for a carbon-capture project
to match the net return of an alternative activity. To obtain AMC, we equated the project’s
net annual income to the Gross Annual Profit (GAP) of the alternative and solved for the
annual carbon capture required. The break-even expression used was:

GAPalt + Cproj

AMC = P

(4)

where

AMC = minimum annual carbon capture required in Mg COze ha~! year~!.

GAP,y;: gross annual profit of the alternative activity USD ha™! year’l.

Cproj: annualized project cost per hectare (USD ha=! year™1).

P = Price of COze in USD per Mg COse.

A sensitivity analysis was performed by combining three cost scenarios and two price
scenarios: cost scenarios Cpy,j (Low, Medium, and High) derived from the GAP analysis of
blue carbon projects in Mexican mangroves, and price scenarios P (Low, High) obtained
from the literature review. For each cost—price combination, we computed AMC using
Equation (4) and reported results for the minimum and maximum GAP values of each

alternative activity.

3. Results
3.1. Systematic Literature Review

A total of 454 articles were identified according to the search criteria; however, 412 ar-
ticles were considered inappropriate as a result of the review of the abstracts of the articles
and were not used in the final analysis. In total, 33 articles meet the quality requirements
for this study (Figure 1). Among the 33 publications, 32 are scientific articles and one is a
book chapter.

The number of investigations related to the carbon price has changed over time,
with a positive trend with respect to the evaluation period. Figure 3 shows the temporal
distribution of publications. Although the overall trend is positive, the Figure highlights
fluctuations between 2016 and 2020, reflecting periods of increased and decreased research
activity. The absence of publications in 1993-2004, 2006-2011, and 2013-2014 is also evident,
underscoring gaps in the literature. The highest number of publications was observed
in 2022.

The average price of carbon was 26.8 USD per Mg CO,e. Figure 4 shows the temporal
evolution of carbon prices differentiated by type: VC (Voluntary Credits), ETS (Emission
Trading Scheme), SP (Shadow Price), and SCC (Social Cost of Carbon). Carbon prices
vary across categories and over time. For VC, initial values were 5 USD per Mg CO,e
in 1992, with subsequent fluctuations that reached 45.5 USD per Mg COe in 2024. ETS
display a more pronounced upward trend, with a minimum of 0.4 USD per Mg COye in
2005 and peaks of 53.5 USD per Mg COse in 2016 and 66.1 USD per Mg CO,e in 2022.
SP shows intermediate values, with a peak of 51.3 USD per Mg COse in 2023 followed
by a decline to 16.1 USD per Mg COye in 2024. SCC is reported at 28 USD per Mg CO,e
in 2016 as a normative reference. Overall, there was an upward trend in carbon prices,
with notable fluctuations between 2016 and 2020, and a marked peak in 2022. In this
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analysis, VC (Voluntary Credits) values range from 4 USD per Mg CO,e [44] to 86 USD per
Mg COse [45]. The detailed price calculations are shown in the Supplementary Material
(Supplementary dataset [3,12,19,25,42,44-71]).
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Figure 4. Number of publications according to year of publication and price type. VC = Voluntary
credits, ETS = Emission Trading Scheme, SP = Shadow Price, and SCC = Social Cost of Carbon.
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The average carbon price is very similar in natural ecosystems (forests, wetlands, and
marine environments), averaging 20 USD per Mg CO,e (Figure 5). Figure 5 compares
the average carbon prices across ecosystem types, differentiated by price category: VC
(Voluntary Credits), ETS (Emission Trading Scheme), SP (Shadow Price), and SCC (Social
Cost of Carbon). In forests, values show a wide range: 14.4 USD per Mg COe for VC,
33.2 USD per Mg COse for ETS, 46.5 USD per Mg CO,e for SCC, and 18.4 USD per Mg
COze for SP. In wetlands, prices are more extreme, with a very low value of 1.9 USD per Mg
COgze for SCC and a maximum of 100 USD per Mg CO,e for SP. In marine environments,
25 USD per Mg COse is reported for ETS and 10 USD per Mg COse for SP, while no values
are recorded for VC or SCC. Carbon prices differ across ecosystems and price types, with
forests showing more consistent values and a higher number of observations.
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Figure 5. Average price of carbon according to ecosystem type and price type. VC = Voluntary credits,
ETS = Emission Trading Scheme, SP = Shadow Price, and SCC = Social Cost of Carbon.

3.2. Opportunity Costs of Carbon Sequestration in Mangroves

Profits were calculated in blue carbon projects in different mangroves in Mexico
(Table 3). The annual increase in aboveground biomass was estimated at 4.07% under the
low-growth scenario (0.2 cm year~1!), 9.3% under the medium-growth scenario (0.4 cm
year—!), and 13.6% under the high-growth scenario (0.55 cm year~!), as reported by
Veldzquez-Pérez et al. [39] in La Encrucijada Reserve, Chiapas, Mexico. The total cost
of a 30-year CAR blue carbon project was 217,452.7 USD [72], and thus, the annual cost was
7248.4 USD year L.
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Table 3. Revenues, costs, and profits of blue carbon projects in mangroves in Mexico.

Annual CO -1 —1 Profit
Place Project Ab];);,:ri;(’sl;nd Growth Rate Capture ’ Average Annual Income (USD ha ™ Year™) Cost (USD ha~! Year~1)
Area (ha) - Scenario (Mg COze ha-1! .. . (USD ha-1 Year1)
(Mg ha-1) 2 Minimum Maximum .. . . )
Year—1) Income Income Minimum Profit Maximum Profit

Low 9.0£1.0 36.0+4.1 773.9 £67.2 7.8+0.0 282+4.1 766.1 £67.2
a Ursulo Galvan, Tabasco 930 1248 +13.9 Medium 20.6 £2.3 82.2+93 1768.4 £ 153.5 78+0.0 745+9.3 1760.6 + 153.5
High 30.1+34 1203 +13.6 2586.0 +-224.4 7.8+0.0 1125+ 13.6 25782 +224.4
Low 13.0+1.8 520+73 1117.6 £121.3 0.5+0.0 51.5+7.3 1117.1 £121.3

bLa Encrucijada, Chiapas 16,000 181.3 +25.6 Medium 29.7 £4.2 118.8 £16.8 2553.7 £277.1 0.5£0.0 118.3 £16.8 2553.2 +277.1
High 434+6.1 173.7 £ 24.6 3734.4 +405.2 0.5£0.0 173.2+24.6 3734.0 £+ 405.2

Low 54+15 21.6 6.1 465.3 +100.4 0.1£0.0 215+6.1 465.2 +100.4
¢ Marismas Nacionales, Nayarit 67,096 724+204 Medium 124+35 49.4+13.9 1063.2 +229.3 0.1+0.0 49.3+13.9 1063.0 £229.3
High 18.1+£5.1 7234203 1554.7 £ 335.3 0.1+0.0 7224203 1554.6 + 335.3
4 Pantanos de Centla, Low 18.5+27 74.0+10.9 1590.3 £179.4 0.1£0.0 739+109 1590.2 +£179.4
Tabasco-Laguna de Términos, 131,603 247.6 £ 36.4 Medium 423+6.2 169.0 £24.8 3633.9 +410.0 0.1£0.0 169.0 +=24.8 3633.8 +410.0
Campeche High 61.8 £9.1 2472 +36.3 5314.0 +599.5 0.1£0.0 2471+ 36.3 5314.0 +599.5

Low 11.3+3.0 45.0£ 119 968.6 +197.2 8.1+£0.0 37.0+£119 960.5 £+ 197.2
4 Boquilla—La Mancha, Veracruz 897 247.6 + 36.4 Medium 25.7+6.8 1029 +£27.3 2213.2 +450.5 8.1+0.0 949 +£27.3 2205.1 £+ 450.5
High 37.6 £10.0 150.5+39.9 3236.5 + 658.8 8.1+0.0 142.5+39.9 3228.4 +658.8

SOURCE: 2 [27], b [32], € [34], and d [33]. Notes: The growth rate scenario was defined at three levels: Low, corresponding to a growth of 0.2 cm year*1 ; Medium, at
0.4 cm year~!; and High, at 0.55 cm year—!. Estimates correspond to a simplified scenario valuing annual aboveground CO,e sequestration at the selected carbon
price. Values do not include adjustments for additionality, leakage, permanence buffers, uncertainty discounts, monitoring/verification, registration, transaction
costs, or soil/belowground carbon.
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3.3. Cost Analysis of Production Systems
3.3.1. Productive Activity: Mangrove Wood (Direct Alternatives)

In the use of mangrove wood, yield, production cost, borrowing cost, and annual
gross profit are estimated (Table 4). The price of mangrove wood for the final consumer
is 257.4 USD Mg ! [41]. The values are adjusted to USD m? using the density of specific
types of wood, including L. racemosa (0.61 Mg m~3), A. germinans (0.8116 Mg m~3), and R.
mangle (0.9064 Mg m~3) [73]. Better prices are obtained with L. racemosa (233.3 USD m~3),
whereas the lowest prices are obtained with R. mangle (157.0 USD m~3). Therefore, the
average income for this activity is in the range of 628.0 USD ha~! to 4048.3 USD ha—'.

Table 4. Yield, production costs, borrowing costs, and GAP from mangrove wood harvesting.

Performance
Site Extraction volume  Minimum average income Average Maximum Income
(m® ha—! year™1) (USD ha—!year™!) (USD ha—! year™1)
a 1A
La Solucién Somos Todos, 40 628.0 933.2
Tabasco
a s . . .
Ejido Francisco Trujillo Gurria, 40 628.0 933.2
Tabasco
2 Ejido el Golpe, Tabasco 10.0 1570.1 2333.0
a Puerto Ceiba, Tabasco 13.6 2140.1 3179.9
b Ursulo Galvan, Tabasco 8.7 1373.2 2040.4
¢ La Encrucijada Reserve, Chiapas 12.7 1994.4 2963.5
d Marismas Nacionales, Nayarit 5.1 797.1 1184.4
e
Centla/, Tabasco, and Laguna de 174 27945 4048.3
Términos, Campeche
¢ Boquilla—La Mancha, Veracruz 10.6 1659.3 2465.6
Cost of production and debt
Concept Adjusted costs Borrowing costs (USD Total costs
P (USD ha—! year—1) ha—!year™1) (USD ha—! year—1)
Gang labor 20.7 0.0 20.7
Boats 20.6 1.0 21.6
Chainsaw 2.6 0.1 2.8
GAP
Site Extraction volume Minimum profit Maximum Profit
(m3® ha=! year™1) (USD ha—! year—1) (USD ha—! year1)
a : 4
La Solucién Somos Todos, 40 583.0 888.2
Tabasco
a s . . .
Ejido Francisco Trujillo Gurria, 40 583.0 388.2
Tabasco
4 Ejido el Golpe, Tabasco 10.0 1525.1 2288.0
a Puerto Ceiba, Tabasco 13.6 2095.0 3134.9
b Ursulo Galvén, Tabasco 8.7 1328.1 1995.3
¢ La Encrucijada Reserve, Chiapas 12.7 1949.4 2918.5
d Marismas Nacionales, Nayarit 5.1 752.1 1139.4
e
Centlzj1, Te.lbasco and Laguna de 174 2579 5 40033
Términos, Campeche
€ Boquilla—La Mancha, Veracruz 10.6 1614.3 2420.6

SOURCE: 2 [29], Y [27], © [32], 4 [34] and © [33,41].
The cost of wood production is determined from the cost analysis carried out by

Villalobos-Zapata et al. [41] in the Laguna de Términos, Campeche, covering an area
of 2500 ha. For the purposes of this study, only labor costs (five people per crew), mo-
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tor boats, and chainsaws are considered. It is assumed that these inputs are sufficient
to take advantage of the 2500 ha of land [41], as well as borrowing costs at an inter-
est rate of 4.875% to finance the inputs (motorboat and chainsaw). The total cost of
wood production is 45.0 USD ha~!. The profits are between 583.0 USD ha~! year—! and
4003.3 USD ha! year‘l, which is the best scenario for Pantanos de Centla, Tabasco, and
Laguna de Términos, Campeche, in which an extraction volume of 16.8 can be achieved in

m?3ha! year‘l.

3.3.2. Productive Activity: Corn (National Benchmark)

In Mexico, the average yield of white corn is greater than that of yellow corn [74]. In
contrast, the price of the yellow variety is higher than that of the white variety [75]. Consid-
ering the above situation, the average income from white corn (4003 USD Mg~! year~!) is
higher than that from yellow corn (3484 USD ha~! year~1). Table 5 shows the average yield
of the two varieties of corn, the costs of production and indebtedness, and the calculation
of the annual gross profit.

Table 5. Yield, costs of production, costs of indebtedness, and GAP in the cultivation of corn.

Performance
Cultivation 2 Adjusted price b performance Average income
(USD Mg—1) (Mg ha—1year—1) (USD ha—1year—1)
Yellow corn 366.8 9.5 3484.4
White corn 364.0 11.0 4003.9
Cost of production and debt
Place Technology pro«?jc]ttil;:ffosts Borrowing costs Total costs
—1 -1 -1 -1
(USD Mg~ year—1) (USD Mg~ year ) (USD Mg~ year )
¢ Hidalgo Rainfed 645.3 31.5 676.7
4 Guanajuato Rainfed 1806.2 88.1 1894.3
GAP
o Annual profit
Place Technology Cultivation (USD ha—" year~1)
¢ Hidalgo Rainfed Yellow corn 2807.7
¢ Hidalgo Rainfed White corn 3327.2
4 Guanajuato Rainfed Yellow corn 1590.1
4 Guanajuato Rainfed White corn 2109.6

SOURCE: @ [75], ? [74], € [76], and 4 [77].

The production costs of corn in the states of Hidalgo and Guanajuato, which use
rainfed cultivation, are analyzed. The cost of production is greater in the state of Guanajuato
(1806 USD ha~! year!). Adding the costs of borrowing to finance the inputs (interest
rate of 4.875%), the total costs of the cultivation of corn are determined to be between
676 USD ha~! year—! and 1894 USD ha~! year~!.

The lowest GAP is obtained with yellow corn in the state of Guanajuato
(1590 USD ha~! year~!), whereas the highest GAP is obtained with white corn in the
state of Hidalgo (3327 USD ha~! year™1).

In Tabasco, Mexico, by 2010, a maize area of 59,293 ha was planted, with a production
of 83,520 Mg [78], which resulted in yields of 1.4 Mg ha~! year~!. The average earnings
were only USD 513 ha~! year~! with yellow corn.
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In the case of Ursulo Galvan, Tabasco, it has been reported that the salinity of mangrove
soil varies between 2.6 dS cm ™! and 6.2 dS ecm ™~ [79]. Conversely, the tolerance of corn to
salinity is 1.7 dS cm 1, with a loss of 50% of production at 5.8 dS cm 1 [80]. Therefore, the
yield at this site is estimated to be 0.64 Mg ha~! year~! to 1.25 Mg ha~! year !, with an
average income of 234.7 USD ha~! year™! to 458.5 USD ha~! year~!, respectively.

3.3.3. Productive Activity: Cattle (Regional Comparison/National Benchmark)

In Tabasco, the livestock population for 2022 is 1,711,069 animal units (AUs) [81], and
the livestock area is 1,617,000 ha [82], which brings in a return for the state of 1.05 AU ha1.
In this scenario, considering the average price of carcass meat in Mexico and assuming
the sale of 350 kg of heifers, the income from the sale of animals is 2064 USD ha~! year’1

(Table 6).

Table 6. Yield of meat and milk, costs of meat production, and GAP in livestock. An animal unit
(AU) is defined as an adult cow weighing 450 kg, with or without a suckling calf, that consumes
approximately 12 kg of dry matter from forage per day.

Meat performance

Breed Heifer weight  Price Yield Average income
(kg) (USD kg—1) (AU ha—1) (USD ha—1year—1)
Swiss American 350.00 5.62 1.05 2064.14
Holstein 350.00 5.62 1.05 2064.14
Milk yield
Breed b Milk production ¢ Price Yield Average income
(LUA 1year ) (USD LY (AUha™}) (USD ha—!year™1)
Swiss American 3595.00 0.54 1.05 2034.97
Holstein 3945.00 0.54 1.05 2233.09
Costs
Breed d Variable costs 4 Fixed costs Variable costs Fixed costs
(USD kg) (USD kg) (USD ha—!year~!) (USDha~!year™ )
Swiss American 2.32 0.21 854.12 77.40
Holstein 2.32 0.21 854.12 77.40
GAP
Profit
Breed (USD ha—! year—1)
Swiss American 3167.59
Holstein 3365.71

SOURCE: 2 [83], P [84], © [85], and 9 [86].

The milk production of Swiss American cows is 3696 kg year !, and that of Holstein
cows is 4056 kg year~! [84]. Considering that the density of cow milk is 1028 kg/L, the
yield is 3595 L year~! for the American Swiss breed and 3945 L year~! for the Holstein
breed. The highest income is obtained with Holstein specimens (2233.09 USD ha~! year—1).

Variable cost in the state of Mexico for the production of calves is 2.32 USD kg ! of
meat, and the fixed cost is 0.21 USD kg~! of meat [86]. Considering the production of
1.05 heifers ha—! with weights of 350 kg, variable costs are 854.1 USD ha~! and 77.4 USD
ha~! in fixed costs for both breeds of cows. GAP is 3167.59 USD ha~! with Swiss American
specimens and 3365.71 USD ha~! with Holstein specimens.

Table 7 compares two scenarios of livestock production systems, obtained via a litera-
ture review. The first scenario is a regional comparison, obtained from the cost analysis
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carried out by Granados-Rivera et al. [87], which evaluated a dual-purpose production
system in Rural Development District 151 in Tabasco (Cardenas, Comalcalco, Cunduacan,
Jalpa de Méndez, Nacajuca, Huimanguillo and Paraiso), with production units (PUs) with
average surfaces of 19 ha, 20 cows, a stallion, and four heifers, with an average yield of
1.1 AUha .

Table 7. Meat and milk yield, meat production costs, and GAP of livestock in two livestock production

systems.
Income
Income from sales Income from sales .
. Total income
Stage of milk of calves (USD vear—1)
(USD year—1) (USD year—1) y
4 Dual purpose 3005.63 4196.56 9735.92
b Gale of milk 15,594.65 2125.82 23,954.52
Costs
Stage 2 Variable costs 2 Fixed costs Variable costs Fixed costs (USD
5 (USD kg) (USD kg) (USD year—1) year—1)
Dual purpose 2.32 0.21 422993 383.30
Sale milk 17,320.94 1648.40
Annual gross profit
Stage Place PU size PU profit Profit
8 (AU) (USD year—1) (USD ha—!year™1)
Dual purpose Tabasco 21 5122.70 269.62
Sale milk State of Mexico 21 4985.19 262.38

SOURCE: @ [87] and P [88].

The second scenario is a national benchmark, based on an assessment by Sanchez-
Medina et al. [88] of a milk production system in the municipalities of Texcoco and San
Andrés Chiautla in the state of Mexico. This system is made up of PUs with an average
area of approximately 0.1 ha, which house a total of 21 Holstein breed animals, with an
average of nine cows in production. For this scenario to be comparable to the first scenario,
the total area per PU is considered 19 ha.

Total income is higher for the milk sale scenario (23,954 USD year‘l) ; however, the
variable costs represent 72% of total income, whereas fixed costs represent 7%. The above
results indicate that the GAP is similar in both scenarios due to the low-level production
costs of extensive livestock compared with the high costs of intensive livestock.

3.4. Comparison of Carbon Prices with Production Systems

Table 8 shows the profits of the worst and best scenarios of the productive activities
analyzed, as well as the minimum carbon store (Mg CO,e ha~!) of a blue carbon project,
making it comparable to the productive activity of the locality near the mangrove.

The GAP of the blue carbon projects is in the range of 21.5-72.2 USD ha~! year~! in
Marismas Nacionales, Nayarit, which consists of short and unproductive mangroves, and
1590.2-5314.0 USD ha~! year~! in Centla, Tabasco, and Laguna de Términos, Campeche.
Conversely, the GAP of the productive activity of wood harvesting ranges from 628.0 to
3917.7 USD ha~! year—!, while the GAP of the corn crop ranges from 1590.1 to 3327.21 USD
ha~! year~!, and that of the livestock ranges from 262.38 to 3365.71 USD ha~! year~1.
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Table 8. Minimum carbon storage level in blue carbon projects in corn cultivation, wood harvesting, and livestock, considering a minimum price of 4 USD per Mg
COse and a maximum price of 86 USD per Mg CO»e.

Profit Minimum Carbon Store with Prices of 4 USD Minimum Carbon Store with Prices of 86
. .. Stage 1 1 Project Cost per Mg CO,e USD per Mg CO,e
Economic Activity (USD ha~* year~1) Scenario (MgCOse ha~1 year1) (MgCO,e ha~1 year1)
Worse Better Worse Better Worse Better Worse Better
E . 1 ¢ . ! ¢ Low 157.03 979.45 7.30 45.56
Wood harvesting Xtraiﬂ"g‘ polymeo Xtr’;‘g%"“;’ paee 628.00 3917.70 Medium 158.00 980.43 7.35 45.60
m™ha -om-ha High 159.03 981.45 7.40 45.65
Low 397.55 831.83 18.49 38.69
Cultivation Yellow corn White corn 1590.10 3327.21 Medium 398.52 832.80 18.54 38.73
High 399.55 833.83 18.58 38.78
. . Low 791.92 841.45 36.83 39.14
Livestock amedeofSwiss  Saleof Holstein 3167.59 3365.71 Medium 792.90 842.43 36.88 39.18
merican breed mea reed mea High 793.92 843.45 36.93 39.23
Low 65.62 67.43 3.05 3.14
Livestock Sales of milk 21 AU Dual purpose 21 AU 262.38 269.62 Medium 66.59 68.40 3.10 3.18
High 67.62 69.43 3.15 3.23

Note: The economic activity wood harvesting is classified as a direct alternative (realistic land-use alternative for the same mangrove site), livestock as regional
comparison (plausible alternative within the same coastal region), or national benchmark (reference value from other contexts, and cultivation as national benchmark
(reference value from other contexts). Project costs were defined using three scenarios derived from the GAP analysis of blue carbon projects in Mexican mangroves:
Low = 0.1 USD ha~! year~!, observed in Marismas Nacionales (Nayarit) and Pantanos de Centla-Laguna de Términos (Tabasco-Campeche); Medium = 4.0 USD
ha~! year~!, an intermediate value of project costs; and High = 8.1 USD ha~! year~!, observed in Boquilla-La Mancha (Veracruz). An animal unit (AU) is defined
as an adult cow weighing 450 kg, with or without a suckling calf, that consumes approximately 12 kg of dry matter from forage per day.
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4. Discussion
4.1. Systematic Literature Review

The results demonstrate a progressive expansion of scientific interest in carbon pricing,
particularly since 2016, coinciding with the strengthening of carbon markets and the
implementation of international policies such as the Paris Agreement [7]. The increase
in publications in recent years aligns with the World Bank’s State and Trends of Carbon
Pricing report, which documents the proliferation of pricing instruments and the expansion
of emission coverage under market schemes [7].

Carbon prices show an upward trajectory, with clear differences across price types.
Voluntary Credits (VC) exhibit a gradual increase over time, while Emission Trading
Schemes (ETS) display a steeper rise, reflecting the consolidation of regulated markets.
Shadow Prices (SP) present intermediate values with fluctuations, and the Social Cost
of Carbon (SCC) is reported as a normative benchmark. These distinctions highlight the
coexistence of regulated and voluntary mechanisms, as well as the methodological diversity
in estimating carbon values [89].

Regarding ecosystems, the differentiation by price type underscores notable con-
trasts. Forests show relatively consistent values across categories, wetlands present extreme
variations depending on the methodology applied, and marine environments remain
underrepresented in the literature. These differences suggest that forests dominate the
research due to their central role in mitigation policies and greater data availability, consis-
tent with Griscom et al. [90], while wetlands and marine systems highlight the need for
further investigation.

Taken together, the data show that carbon prices tend to increase over time and
diversify according to ecosystem type, supporting the need to expand research in less-
studied environments.

4.2. Opportunity Costs of Carbon Sequestration in Mangroves

Readers should interpret the economic comparisons with caution because the analysis
is based on a simplified income scenario and on aboveground carbon only. In real-world
certification processes, the number of credits that can be issued—and therefore the revenues
available to producers—may be substantially lower than the simplified estimates presented
here due to: (1) additionality and baseline-setting requirements; (2) leakage effects that
reduce net mitigation; (3) permanence risks that require buffer set-asides or discounts;
(4) uncertainty adjustments in carbon accounting; and (5) monitoring, verification, registra-
tion, and transaction costs. Without adjusting for these factors, the economic comparison is
likely to overestimate the net income producers could obtain from carbon credits.

Moreover, because the CAR protocol used in our cost calculations does not credit soil
or belowground carbon, the monetary values reported here exclude any payments that
might arise from those compartments. If future protocols or markets explicitly credit soil
and sediment carbon, the economic viability of blue carbon projects could improve, but
such outcomes would require different accounting rules and market recognition.

Average annual income depends on the aboveground biomass of the study area and
the growth rate of trees. The greater the aboveground biomass is, the higher the average
income, with Pantanos de Centla, Tabasco, and Laguna de Términos, Campeche, being the
places where the highest income was obtained, whereas the lowest income corresponded
to the Marismas Nacionales in Nayarit. When the price of carbon is low (4 USD per Mg
COze), although the cost of the project is also low, the profits are small, in this case gener-
ating profits of 21.5-72.2 USD ha~! year—! in Marismas Nacionales in Nayarit and up to
73.9-247.1 USD ha~! year~! in Pantanos de Centla and Laguna de Términos. High carbon
prices (86 USD per Mg COe) result in profits even with high costs, obtaining profits of
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at least 465.2-1554.6 USD ha~! year~! in Marismas Nacionales in Nayarit and of up to
1590.2-5314.0 USD ha~1 year*1 in Pantanos de Centla, Tabasco, and Laguna de Términos.

As a direct outcome of the site-specific analysis, blue-carbon projects are compared
with local alternatives documented for the same mangrove areas (e.g., authorized timber
extraction in Tabasco and Campeche). These direct comparisons provide the most relevant
estimate of opportunity cost for landowners in the studied EMUs.

4.3. Comparison of Carbon Prices with Production Systems

Blue carbon projects are an alternative for communities to generate economic income
through the management of their forests [14]; however, it is necessary for the blue-carbon
project to be equal to or more economically attractive than the productive activities of the
mangrove localities [12]. Our results show that this competitiveness is not universal: many
sites require relatively high carbon prices and/or above-average sequestration rates to be
financially viable. Consequently, any claim that blue carbon projects are viable alternatives
for mangrove producers must be explicitly linked to (i) local opportunity costs, (ii) realistic
implementation scenarios that include upfront investments and recurring verification costs,
and (iii) the carbon-price and sequestration thresholds identified in our sensitivity analysis.
Policy and project decisions should therefore be based on site-level appraisals rather than
generalized statements of viability.

Wood harvesting is the most profitable activity in terms of GAP, whereas the least
profitable activities were dual-purpose livestock and milk sales. Compared with that of
carbon projects, continuing local wood harvesting activities continues to be more profitable
for producers. The same situation occurs with the cultivation of corn, which generates
income higher than that obtained in carbon projects in productive soils; however, in the
saline soils of the state of Tabasco, corn production is at a low level. The foregoing agrees
with previous authors, who have found that agricultural producers renounce profits by not
converting forests to rainfed agriculture [18]. For example, Vazquez-Gonzalez et al. [19]
reported that growing sugarcane is more profitable than conserving wetlands. However,
this situation is highly dependent on crop performance. For example, in Tabasco, where
the yield of the corn crop is low, the salinity of the mangrove soil has negative effects [54].
As a result, blue carbon projects are more profitable than corn production in such areas.

4.3.1. Wood Harvesting vs. Blue Carbon Projects (Direct Alternatives)

The GAP from the economic activity of wood harvesting ranges from 583.0 USD
ha=! year~! to 4003.3 USD ha~! year~!. Wood harvesting is more profitable than car-
bon sequestration; however, these profits depend largely on the density of wood extrac-
tion. In this sense, for example, the mangroves of Ursulo Galvén in Tabasco generate
124.8 Mg ha~! of biomass, equivalent to 188.07 m® ha~! of wood, with an annual growth of
17.5 m3 ha~!, where, to ensure the conservation of the site and guarantee its sustainability,
no wood extractions should be carried out, through wildlife conservation management
units (WCMUEs), in excess of this amount. Thus, considering an extraction rate of 50% of
the growth of trees, gross profits are estimated to be between 1328.1 USD ha~! year~!
and 1995.3 USD ha~! year~!. In contrast, the gross profit from blue carbon projects in
Ursulo Galvan reaches a maximum of 2578.2 USD ha~! year~! under the high-growth-rate
scenario; however, under the worst-case scenario, profits remain modest, with a maximum
of 112.5 USD ha~! year! observed under the high-growth-rate scenario.

Extraction volumes of 4 m3 ha~! require the forestry project to store at least
157.0-159.0 Mg COe ha~! year~! if the carbon price is USD 4 per Mg COse, or only
7.3-7.4 Mg CO,e ha~! year—! with a price of 86 USD per Mg COze. In the first case,
none of the analyzed sites store more than 157.0 Mg CO,e ha~! year~!, while all of them
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store more than 7.3 Mg COse ha~! year~!. Conversely, extraction volumes of 16.8 m?
ha~! need at least 979.4-981.4 Mg COye ha~! year~! if the carbon price is 4 USD per
Mg COse or 45.5-45.6 Mg CO,e ha~! year~! with a price of 86 USD per Mg CO,e. Only
Pantanos de Centla (Tabasco), Laguna de Términos (Campeche), and Boquilla-La Mancha
(Veracruz) attain a maximum of 59.4 Mg CO,e ha~! year~!, and this occurs only under the
high-growth-rate scenario; consequently, blue carbon projects are competitive with wood
extraction at 16.8 m® ha~! yr~! only when growth rates are high.

4.3.2. Corn vs. Blue Carbon Projects (National Benchmark)

GAP values reported for crops in inland states (presented here as national bench-
marks) should not be interpreted as realistic alternatives for mangrove owners in Tabasco,
Campeche, Nayarit, Chiapas, or Veracruz. The regional and national figures are used only
to contextualize competitiveness at broader scales.

As shown in the Results, corn cultivation remains more profitable than carbon projects
under most scenarios. For the annual benefits of a blue carbon project to match those
of corn cultivation, the project would need to sequester at least 831.83-833.83 MgCO,e
ha~! year ! under the most favorable corn scenario when the carbon price is at the lowest
observed value (4 USD per MgCOse), or 18.49-18.58 Mg CO,e ha~! year~—! under the least
favorable corn scenario when the carbon price is at the highest observed value (86 USD per
Mg COse). The first option is unrealistic because, in the areas analyzed, the sequestration
rate is in the range of 5.4-61.8 Mg CO,e ha~! year~!, whereas the second option is within
the range of carbon sequestration in the national context. Thus, high carbon prices are
required for conservation projects to be attractive to producers.

In Mexico, the corn production systems with the highest private profitability are
found in the states of Sinaloa, Jalisco, Guanajuato, and the state of Mexico, with profits of
1255 USD ha~! [52]. At these sites, the prices of 86 USD per Mg CO,e require conservation
projects that generate at least 15.0 Mg COe ha~! year ™, or 314.0 Mg CO,e ha~! year™!, with
prices of 4 USD per Mg COxe; that is, sites with high profitability of the original activity need
high prices of COe or for the forestry project to retain high amounts of COye. In this context,
where carbon payments are not enough to compete with high-profitability activities, other
mechanisms may be necessary, such as a combination of sustainable land-use practices and
the inclusion of other ecosystem services in payment-for-services programs. Ecosystems (bio-
diversity conservation, hydrological services, sustainable land management, cultural services,
and climate regulation) constitute an active part of local income [3].

Tabasco is a state with low profitability in the case of low yields from the cultivation of
corn, comprising areas with smallholder farmer production systems, simple production of
goods, and poverty conditions [82]. This situation makes the implementation of conservation
projects attractive because a large improvement in profits is a powerful incentive for farmers
to shift from cultivation to conservation or restoration projects to obtain carbon [42]. However,
it should be noted that producers might not be able to transform all their plots into blue
carbon projects because, in Tabasco, corn is used mainly for self-consumption, such as for the
preparation of tortillas, pozol, pinole, atole, tamale de masa and cooked corn, as well as for
the feeding of backyard animals such as turkeys, chickens, ducks, and pigs [91].

4.3.3. Beef Cattle vs. Blue Carbon Projects (Regional Comparison/National Benchmark)
The GAP for the productive activity of cattle for the sales of meat is in the range of
3167.59 USD ha~! year~! to 3365.71 USD ha~! year~!. Blue carbon projects can compete
with cattle production activities; however, they require high carbon prices to be profitable.
In the livestock activity for the sales of meat (classified as a national benchmark), the
carbon project must sequester 36.83-36.93 Mg CO,e ha~! year ! under the worst-case
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livestock scenario when the carbon price is 86 USD per Mg COse. Prices of USD 4 per
Mg CO, make blue carbon projects unattractive to livestock producers, owing to the high
amounts of carbon needed to store to match their current income. Prices of 86 USD per
Mg CO,e are competitive compared with livestock activity, especially considering that the
places with the highest carbon storage capacity, such as Pantanos de Centla in Tabasco
and Laguna de Términos in Campeche, reach 61.8 Mg COse ha~! year ! under the high-
growth-rate scenario. The livestock activity reflects its role as a reference for economic
performance at the national scale. This benchmark allows comparison of carbon projects
against typical profitability levels observed across Mexico, providing a broader context for
evaluating economic feasibility.

In Tabasco, the economic activity of calf and milk sales (classified as a regional
comparison) results in low-level profitability, requiring that a conservation project store
67.43-69.43 Mg CO,e ha~! year~! with a carbon price of 4 USD per Mg COze. In con-
trast, if the price increases to USD 86 per Mg CO;e, then only 3.14-3.23 Mg CO,e year !
would need to be stored. In this context, carbon projects are a viable alternative for
producers to improve their income with blue carbon projects. However, it is necessary
for prices to reach at least 15 USD per Mg CO,e, which would imply the need to store
18.0 Mg COze ha~! year~! so that most of the sites analyzed can be competitive with cattle
activity. The regional comparison applied to Tabasco highlights the local variability in
production systems and profitability. In this region, cattle raising is often characterized by
smaller-scale operations and lower productivity, which makes blue carbon projects rela-
tively more competitive [92]. The distinction between national benchmarks and regional
comparisons is therefore essential to understand how carbon prices and storage potential
interact with local economic realities. While national benchmarks offer a general reference,
regional comparisons reveal the specific conditions under which blue carbon projects can
become viable alternatives for producers.

5. Conclusions

This study provides a site-specific, regionally grounded comparison of the economic
returns from mangrove carbon conservation versus alternative productive uses (timber
extraction, corn cultivation, and extensive livestock) in selected Mexican sites. Below we
synthesize the main findings.

Our analysis demonstrates that, under a simplified GAP framework and the carbon-
price range compiled in our literature review, some mangrove sites—particularly those with
high aboveground carbon stocks and favorable growth rates (e.g., sites in Centla, Tabasco;
Laguna de Términos, Campeche)—can appear competitive with local productive activities.

Financial viability depends on a combination of factors: (a) sufficiently high carbon
prices; (b) site-specific, reliable, and updated measurements of all carbon compartments,
including their changes (i.e., growth rate, etc.); (c) low local opportunity costs or restricted
alternative uses; and (d) manageable upfront and recurrent project costs. In many cases,
one or more of these conditions must be met. The case studies from Tabasco illustrate that
blue carbon projects can be feasible under high-price and moderate-income scenarios, but
these outcomes are conditional rather than generalizable.

Our analysis does not capture all project-level implementation complexities, includ-
ing land-tenure negotiations, aggregation costs, social transaction costs, bureaucratic and
lengthy certification processes, and evolving market rules. We limited carbon accounting to
aboveground biomass under the CAR-based scenarios; soil and sediment carbon—potentially
important for blue carbon value—were not credited in the scenarios modeled, and therefore
are not reflected in the economic results. Actual payments to producers will depend on project
design, chosen standard, and market conditions, so site-level feasibility studies remain essen-
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tial. Furthermore, this study intentionally uses Gross Annual Benefit (GAB) as a transparent
and comparable metric across sites and production activities, but we recognize its limitations
for investment decision-making.

Policy instruments and incentive schemes should be informed by full project appraisals
and by explicit price and sequestration thresholds that reflect local opportunity costs.
Payments should be calibrated using site-specific opportunity-cost analyses that distinguish
direct parcel-level alternatives from regional or national benchmarks.

The principal novelty of this work is its applied, regionally contextualized comparison
of carbon incomes and alternative livelihoods in Mexican mangrove contexts. By using
site-specific data and by distinguishing direct opportunity costs from regional and national
benchmarks, the study provides decision-relevant thresholds and a clearer picture of
where carbon projects are most likely to be competitive in Mexico. These results offer
a practical starting point for site-level feasibility assessments and for designing locally
tailored conservation incentives.

In summary, our results show that mangrove carbon projects can be viable under
specific, identifiable conditions, but viability is not universal. We therefore caution against
generalizing the findings to all mangrove owners and recommend that project proponents
and policymakers use the threshold results provided here as a starting point for site-level
feasibility assessments.
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