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Conservation in Action

Mapping Potential Areas for Conservation
Under Forest Carbon Credit Eligibility
in a Natural Protected Area in
Northern Mexico

Carolina Orta-Salazar1, Carlos Arturo Aguirre-Salado2 ,
Humberto Reyes-Hernández1,3, Juan Antonio Reyes-Agüero1,4,
and Carlos Alfonso Mu~noz-Robles1,4

Abstract

Emerging carbon markets are posing new challenges for stakeholders. In order to operationalize the selection of feasible areas

to promote above-ground carbon capture and quantify its potential as claimed in the norm NMX-AA-173-SCFI-2015, a

methodology may be proposed. Above-ground tree biomass geospatial estimates at the pixel level, neighboring land cover,

and legal information were combined in order to obtain the potential for above-ground carbon capture. Forest above-ground

tree carbon capture estimates were conducted under the assumption that forest cover in bare soil land will be recovered to

the most conserved neighboring vegetation type. This approach may be used in other situations around the world where

potential carbon estimates are required to design forest carbon capture projects considering native vegetation type.
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Introduction

According to the last official communication related to

the National Greenhouse Inventory in Mexico, during

the 1990–2012 period, carbon capture potential achieved

by forest recovery in the whole country was estimated as

12 Mt CO2 (INECC/SEMARNAT, 2015). In 2015, the

Mexican Official Standard (MOS) to register forest

carbon projects and certify the increase in carbon

stocks (NMX-AA-173-SCFI-2015) was published

(Ministry of Economy, 2015). This regulation is focused

on implementing projects for capturing forest carbon in

degraded/abandoned/nonforested lands using a base line

as reference.
In accordance with the Mexican standard, Principle 1

states that, in the Criterium 1.3., forest carbon capture

projects must be carried out on lands where participants

can demonstrate land ownership and carbon sequestra-

tion rights, i.e., accreditation of legal land tenure; con-

sequently, there should be evidence that the land

ownership rights will not lead to conflict either with

those in the community or between different

neighbouring comunities or ejidos. Criterium 1.4. states
that the project must fulfill all applicable regulations,
including to show, as part of the documentation, the
existence of a) current forest management program, b)
reports concerning the advance of the forest manage-
ment program on a year-by-year basis, and c) the revi-
sion of the National Agrarian Registry to ensure the lack
of conflicts over land rights. While in Principle 5,
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Criterium 5.7 states that the internal governance pro-
cesses of the ejidos and local communities and other
project participants as well as their rights, uses, and cus-
toms must be respected during the project’s design and
implementation, which can also be verifiable by ensuring
that the land tenure is free from conflict; further,
Criterium 5.11 states that there should be participatory
and representative forums or periodic assemblies, where
the design, execution, and follow-up of the projects are
discussed and analyzed to address comments or conflicts
that may arise during the life of the project, which can be
verifiable by evidence such as meeting acts that demon-
strate the analysis or discussion of the forest carbon cap-
ture project conducted by participants in the community
or ejido (Ministry of Economy, 2015).

However, additional criteria apply for a land to be
eligible for a forest carbon capture project. There are geo-
spatial requirements, for example, that need to be
addressed to implement the MOS for a specific land
base, which may be summarized in 1) areas with no for-
ests, 2) in a certain successional vegetation stage, and 3) in
a forest density condition less than 25% over the last five
years. Although the MOS suggests the following six eligi-
ble activities for capturing forest carbon (i.e., reforesta-
tion, forestation, forest regeneration, sustainable forest
management, forest conservation, and agroforestry), this
methodological approach only can be applied for the
former three forestry activities related to forest restora-
tion. After five years of the existence of the Mexican
government’s standard (i.e., MOS), to our knowledge,
no forest carbon projects have been registered under the
new regulation.

In order to assess an ecosystem’s capacity to capture
forest carbon, remote sensing plays a key role in estimat-
ing above-ground tree biomass by combining a series of
techniques that may include forest inventory, digital proc-
essing of remotely sensed spectral data, and the use of
estimation/classification algorithms to find relationships
between the field and spectral data (Ruiz et al., 2014).
Several approaches have been taken for estimating bio-
mass/carbon at different spatial and temporal scales.
Spatial scales include the global, country, or regional
level and a finer local level. At the global level, several
authors conducted spatially explicit biomass/carbon esti-
mations with coarse spatial resolution remotely sensed
data, i.e., MODIS. Algorithms used in this context
include the 6S radiative transfer algorithm, vegetation
change tracker algorithm (VCT) (Kim et al., 2014),
MODIS tree cover VCF, training data automation and
support vector machines (TDA-SVM) (Sexton et al.,
2013). At the country/regional level, other authors con-
ducted spatially explicit biomass estimations with medium
spatial resolution remotely sensed data, i.e., Landsat and
SPOT. Algorithms used in this context include linear and
exponential models (Anaya et al., 2009; Nelson et al.,

2017), random forests (Cartus et al., 2014; Thomas et
al., 2019), classification and regression trees (Chubey et
al., 2006), posterior probability of membership (Gallaun
et al., 2010), multiscale spectral-spatial-temporal super-
resolution mapping (Zhang et al., 2017), and stochastic
gradient boosting (Freeman et al., 2016). At the local
level, some authors performed spatially explicit biomass
estimations with high spatial resolution remotely sensed
data, i.e., Ikonos, Quickbird, Geoeye, Worldview.
Algorithms used in this context include k-nearest-neigh-
bor (kNN) (Breidenbach et al., 2012; Sun et al., 2015),
linear regression modeling (Neigh et al., 2016), and linear
regression following Fourier-based textural ordination
(Proisy et al., 2007).

On the temporal domain, remotely sensed data-based
biomass/carbon studies can be classified into three
groups: 1) single-date studies for biomass/carbon variable
retrieval based on continous (estimation), as tasseled cap
distance (TCD) (G�omez et al., 2011), random forest (RF),
and the maximum entropy (ME) algorithms (Xu et al.,
2016); 2) multitemporal studies i.e., from two to five dates
of analysis for monitoring land use/biomass dynamic time
warping (DTW) (G�omez et al., 2014); and 3) hypertem-
poral studies for monitoring biomass in time series, e.g.,
iterative reweighted multivariate alteration detection (IR-
MAD) process (G�omez et al., 2012), LandTrendr
(Landsat-based detection of trends in disturbance and
recovery), image trends from regression analysis
(ITRA), vegetation change tracker (VCT), exponentially
weighted moving average change detection (EWMACD),
multi-index integrated change analysis (MIICA),
Continuous Change Detection and Classification
(CCDC), and vegetation regeneration and disturbance
estimates through time (VeRDET) (Cohen et al., 2017).

Despite the existence of multiple remotely sensed
spectral data based studies for monitoring biomass/
carbon at different spatial and temporal scales, their
direct application to the MOS is still difficult. These
approaches have not been designed specifically to imple-
ment the Mexican standard itself but to satisfy different
information requirements in their application countries.
Thus, the objective of this work is to propose a method-
ological framework by identifying those specific sites for
capturing above-ground tree carbon that fulfill the cri-
teria established in the MOS (NMX-AA-173-SCFI-
2015) and quantifying the theoretical potential amount
of above-ground tree carbon capture.

Methods

Study Site

The study area is located at the Priority Region for
Conservation Xilitla (PRCX), San Luis Potos�ı,
Mexico. This is a natural protected area officially
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decreed since 1923 as “National Forest Reserve Xilitla
Wooded Portion.” The area is located at the southeast
portion of the state of San Luis Potos�ı, in the Huasteca
Potosina region in Mexico, mainly covering the munic-
ipality of Xilitla and some parts of the municipality of
Aquism�on (Figure 1). The study area has temperate and
dense forests characterized by the genus Pinus spp.,
Quercus spp., Abies sp., and Liquidambar sp. (De Jong
et al., 2010; Reyes et al., 2016).

Landsat is a satellite mission that offers a free-of-
charge, high-quality, and vast amount of spectral infor-
mation of Earth on a nearly permanent basis at high
spatial resolution. The Landsat platform was selected
as the primary data source because of the full coverage
of the entire land surface, which makes it possible to
monitor land cover change across landscapes at regional
and local scales. Two Landsat scenes located at path:
026/row: 045 were downloaded from the USGS GloVis
platform available at https://glovis.usgs.gov/. The first
image was taken by Landsat 5 TM on April 13, 2011,
at 16:48 h (LT05_L1TP_026045_20110413_20161208_
01_T1). Sun elevation and sun azimuth were 61.71�

and 112.29�, respectively. The second one was taken by
Landsat 8 OLI on April 29, 2017, at 16:58 h
(LC08_L1TP_026045_20170429_20180125_01_T1). Sun
elevation and sun azimuth were 66.97� and 103.78�,
respectively (Figure 2A to C). Landsat imagery was
pre-processed by applying an absolute correction.
Digital numbers were converted to top-of atmosphere
(TOA) reflectance (Young et al., 2017). For the case of
Landsat 5 TM, all spectral bands were used, except for
the thermal band; for the case of Landsat 8 OLI, only
bands 1 through 7 were considered. Topographic nor-
malization was applied to both Landsat images by using
the C-correction algorithm in order to minimize the
effects of mountainous terrain on reflectance (Teferi et
al., 2010). Atmospheric correction was not applied to
imagery because 1) it was cloud-free within the study
area, and aerosols were accounted as neglected, and 2)
the change-detection method selected was post-
classification, that is, each image was classified
individually and then compared for change analysis,
i.e., spectral documentation of training fields was creat-
ed over each Landsat scene in a separate method; further
any inter-scene radiometric effect was also considered as
inappreciable (Edwards, 1998; Paolini et al., 2006).

To bolster the spectral and spatial variability of veg-
etation cover and to facilitate the training field selection,
false color composites were built using different band
combinations. For the case of Landsat 5 TM, the band
combination employed was as follows: blue for band 3
(red), green for band 4 (near infrared), red for band 5
(shortwave infrared 1). While for the case of Landsat
8 OLI, the band combination was as follows: blue for
band 4 (red), green for band 5 (near infrared), red for

band 6 (shortwave infrared 1). One criterium to select
areas than can be eligible to apply the new MOS is that
the site has been with no forest, at least during the pre-
vious five years, with respect to the elaboration of
the proposal. To identify such fullfilment, a forest/non-
forest map was created by applying a k-nearest-
neighbor algorithm (kNN) to the two satellite images
(McRoberts, 2008).

Since, in this part of the methodology, it was only
required to differentiate between forested and nonfor-
ested land, it was not considered necessary to know
the vegetation type as an outcome from processing
remotely sensed data; thus, only four thematic classes
associated with forested land were identified by photo-
interpretation, regardless of their vegetation type.
Accordingly, in order to identify bare soil during the
last five years, it was necessary to create a map of only
two thematic classes: forested and nonforested.
Conducting a single classification with the only two the-
matic classes required would have created spectral sig-
natures with a broad range of radiometric values,
making fine classification of pixels difficult. Therefore,
to minimize the variability of data used as training
fields for the creation of each spectral signature and
to encompass the whole range of thematic classes that
can be visible by remotely sensed data, four thematic
classes related to forested and nonforested land were
identified.

To obtain the data used to train the kNN algorithm,
at least one polygon was digitized for the spectral docu-
mentation of each thematic class supported by ancillary

Figure 1. Study area. A: Map of Mexico; B: Map of the State of
San Luis Potosi and C: Priority Region for Conservation Xilitla
(PRCX).
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data (i.e., vegetation and land use map and Cartus et

al.’s forest density map) to properly identify each the-

matic class. For the digitization of polygons used as

training fields for the identification of nonforested

areas, a threshold of 10Mg based on the Cartus

carbon map was used. Therefore, eight vegetation and

land use classes were analyzed. Figure 3 shows the spec-

tral signatures for all classes. Once maps were obtained

with eight thematic classes (Figure 4), they were reclas-

sified into two-classes maps: forest and nonforest. For

the purpose of determining the areas that have been with

no forest over the last five years, the two Boolean maps

were overlaid (Figure 5).
To evaluate the map classification reliability, 100

random sample sites were verified via high-spatial-

resolution imagery in Google Earth (Figure 6). The val-

idation outcome was analyzed via confusion matrix by

determining some reliability parameters, i.e., Kappa,

overall, producer, and user accuracies (Chicas et al.,

2016; Lui & Coomes, 2015). The values obtained are

as follows: Kappa: 0.735; overall accuracy: 0.95; pro-

ducer’s accuracy: 0.99 for forest and 0.67 for nonfor-

ested classes; user’s accuracy: 0.96 for forest and 0.89

for nonforested classes. Figure 7 shows the proposed

methodological framework to identify eligible areas for

carbon capture at the local level by using Landsat

imagery.

Estimating the Potential for Above-Ground Carbon

Capture

With the intention of estimating the potential for above-

ground carbon capture in eligible areas (nonforested),

two main data sources were used. First, a land use and

land cover map created by the National Forest

Inventory of Mexico at 1:50,000 scale was employed

(CONAFOR, 2015). This map contains the land use

and land cover units/polygons identified by visual

Figure 2. Satellite imagery used. A: Landsat 5 TM image (April 13, 2011). B: False color image (RGB) adjusted to the study area: SWIR1
(B5), NIR (B4), Red (B3). C: Landsat 8 OLI (April 29, 2017). D: False color image (RGB) adjusted to the study area: SWIR1 (B6), NIR (B5),
Red (B4).
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Figure 3. Spectral Signatures Built for Identifying Forest and Non Forest Classes Using Landsat Spectral Data.

Figure 4. kNN Algorithm Applied to the Landsat Spectral Data. A: Landsat 5 TM (2011). B: Landsat 8 OLI (2017).

Figure 5. Reclassification Into Two Categories: No Forest (Red) and Forest (White). A: Landsat 5 TM (2011). B: Landsat 8 OLI (2017). C:
Potential sites for carbon capture inside the study area by overlaying no forest maps.
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interpretation over high spatial resolution imagery at
4 ha as the minimum mapping unit (Figure 8A).
Second, Cartus et al. (2014) created an above-ground
carbon map (Mg ha�1) at the national level for Mexico

(30m spatial resolution) (Figure 8B). Two maps were
intersected in order to obtain above-ground carbon
values (Cartus et al., 2014) for each land use and land
cover type (CONAFOR, 2015). Such intersecting was

Figure 6. Validation of the kNN Classification. A: Spatial distribution of 100 randomly located sample points. B: Case 1: Non forest-forest
(considered as an error). C: Case 2: Non forest-non forest (considered as correct). D: Case 3: Forest-forest (considered as correct). E:
Case 4: Forest-Non forest (considered as an error).

Figure 7. Methodological Flowchart Proposed for the Definition of Eligible Areas for Carbon Capture.
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done by converting carbon values at the pixel level to
point and overlaying them against the land cover maps.
The purpose of unioning both land use and land cover
map to above-ground carbon map was to obtain descrip-
tive statistics for each vegetation type of forested areas,
i.e., maximum, minimum and mean above-ground
carbon values (Mg C ha�1) (Figure 8C).

The rationale used to determine the potential of
aboveground carbon capture was that, from an ecolog-
ical point of view, tree density in conserved vegetation
polygons nearer to eligible areas for carbon capture
(nonforested) can be considered as a target to fulfill
when capturing forest carbon; thus, their aboveground
values can be taken as a reference to be assigned for
those neighboring nonforested lands that are eligible
for carbon capture. In this way, potential above-
ground carbon capture estimation will be influenced by
carbon value estimates of adjacent land cover polygons,
leading to realistic estimation of potential carbon cap-
ture in forests. To make a representative estimate of the
potential amount of above-ground carbon that can be
captured by a nonforested land, the median between the
maximum and average above-ground carbon value of
neighboring vegetation was considered, i.e., 75%, with
respect to the maximum forest density reported to the
polygon in the influence area. Note that the selection of
the 75% of forest density as the target density achievable
by a new forest stand appears arbitrary. However, we
believe that this can be a moderate target forest density
between the mean and the maximum forest density
reported in the Cartus et al.’s map, in order to obtain
realistic estimations.

Therefore, in order to assign those summarized above-
ground carbon values, centroids of conserved vegetation
polygons were generated to build Thiessen polygons to
create their areas of influence (Figure 9A and B). Such
polygons are unique because they do not overlap among
them, and all locations are nearer to the associated cen-
troid (Alexander et al., 2017). Therefore, the amount of
above-ground tree carbon per hectare (Mg C ha�1) is
assumed for each eligible area and then extrapolated to
the total area of each individual polygon to obtain the
potential amount of carbon that an area can reach. This
can be supposed by considering that forest restoration
would be conducted by using proper species of native
vegetation; further, growth rate obtained by restoration
activities could be compared with actual growth rate
(Chazdon et al., 2016; Hughes et al., 1999).

To ensure the feasibility criterium that land properties
are free of legal conflicts, a national spatial database
obtained from the National Agrarian Registry (RAN)
of 2009 with information related to land property was
used. In Mexico, there are three types of land tenure:
ejido, comunidad and private property. Further, eligible
areas for above-ground carbon capture were intersected

with conflict-free land properties based on that previous
information. The formula that accounts for the potential
above-ground carbon is as follows (equation (1)):

CO2 ¼
Xm
j¼1

Xn
i¼1

maxdi þ �di
2

� �
:Ai

" #2
4

3
5: 3:66½ � (1)

where CO2 is the total amount of capturable carbon

dioxide (Mg CO2); maxd and �dare the maximum and
mean, respectively, of forest density in above-ground
tree carbon (Mg C ha�1) at the pixel level (30m spatial
resolution) estimated by Cartus et al. (2014) and
assigned to the area of influence by a Thiessen polygon.
Maximum and mean values are considered to account
for 75% of maximum forest density when divided by
two, and would be assigned to the individual eligible
polygon according to Thiessen polygon influence area;
i is the i-th individual eligible polygon for above-ground
carbon capture in the j-th land property; n is the total
number of individual eligible polygons in the j-th land
property, m is the total number of land properties, and
Ai is the area of each individual eligible polygon (ha).

The first term
Pm
j¼1

Pn
i¼1

maxdiþ�di
2

h i
:Ai

� �" #
represents the

total amount of capturable above-ground tree carbon
(Mg C), and the multiplicative factor of 3.66 was used
to convert it to CO2 (Mg CO2) (McPherson et al., 2016).
Figure 10 shows the methodological framework pro-
posed to estimate carbon dioxide capture (Mg CO2) by
using geospatial data.

Once the target density for each individual eligible
polygon, i.e., 75% of maximum forest density, was cal-
culated, we estimated the amount of years required to
achieve such a target density, which, in general terms, it
will depend on a series of environmental conditions that
either will favor or limit forest growth. Although we
agree that there are a number of models to estimate
the time required to achieve a certain target forest den-
sity, we decided to build a logistic model using data
reported in the literature regarding carbon accumulation
and time to obtain a coarse estimation for being used as
a reference. The general logistic model is as follows:

P tð Þ ¼ K

1þ Ae�k:t
(2)

A ¼ K� Po

Po
(3)

where P is the stand density (Mg C ha�1) at time t
(years), K is the ecosystem carrying capacity (Mg C
ha�1) t, which can be assumed as 72Mg C ha�1 (De
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Jong et al., 2010), k is a constant of proportionality

(dimensionless), and Po is the initial stand density,

equal to 1.6 in Mg C ha�1, for the first year. The

model obtained is as follows:

T ¼
ln

72
C�1

71

� �
ln0:9

(4)

where T is the time required to achieve the target forest

density (years), and C refers to the target forest density

in Mg C ha�1.

Results

Potential Sites for Above-Ground Carbon Capture

After processing the Landsat data taken over the last

five years to identify potential sites for carbon capture,

Figure 8. A: Land use and land cover map for the study area created by the National Forest Inventory of Mexico (CONAFOR, 2015). B:
Aboveground carbon map in Mg.ha-1 extracted from data provided by Cartus et al. (2014) and clipped for the study area. C: Detailed view
of a zoom-in over a specific location inside the study area over Cartus et al.’s data: values represent aboveground carbon estimated at pixel
level (30m spatial resolution).

Figure 9. Spatial allocation of target forest density using Thiessen
polygons. A: Thiessen polygons obtained by using the centroids of
conserved vegetation polygons. B: Intersection with map of
potential sites of interest for carbon capture.
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the nonforested area estimated for the PRCX was

2,136.1 ha. Such sites revealed a vegetation density

lower than 25% from April 2011 to April 2017. The

confusion matrix in Table 1 was built on validation

data. The map of potential sites shows an overall accu-

racy of 95% and a kappa of 0.735, meaning that the map

has good concordance between the created map against

validation data (Chicas et al., 2016).
Eligible sites for carbon capture (sites with no forest

over the last five years), according to land tenure class,

are as follows: 30 private properties with 957.7 ha, 22

ejidos with 908.47 ha, and three communities with

269.8 ha. However, some of them have land tenure con-

flicts reported in the official database of land property.

Table 2 shows the amount of area of eligible sites

for carbon capture with respect to land tenure

conflicts; 504.5 ha are free of land tenure conflicts and

have not presented forest cover over the last five years

(Table 2).

Potential of Above-Ground Carbon Capture

The potential of capturing above-ground tree carbon

and carbon dioxide, under the assumptions of forest res-

toration (which accounts for density conditions of neigh-

boring vegetation; calculations for the entire study area

were obtained by the sum of capturable carbon per each

individual eligible site) is presented in Table 3. All poly-

gons that are eligible in the study area can capture in

total either 68,807Mg C or 251,835Mg CO2 (Table 3).

However, when considering such capture potential for

each type of land tenure, the following outcome is

obtained: 31,279.7Mg C for the private-property land

tenure (45.4%), 29,512.2Mg C for the ejido land

Figure 10. Flowchart of Methodology Proposed to Calculate the Potential Amount of Total Carbon Capture in Eligible Areas.

Table 1. Confusion Matrix to Validate the Map of Potential Sites of Carbon Capture.

Thematic class Forest Non forest Total User accuracy Producer accuracy

Forest 87 4 91 0.96 0.99

Non forest 1 8 9 0.89 0.67

Total 88 12 100

Overall accuracy 0.95

Kappa index 0.735 Concordance Good

Standard error 0.116
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tenure (42.9%), and 8,015.5Mg C for the community

land tenure (11.7%). This capture potential can be

achieved considering a long-term scenario (35–40 years)

with a biomass growth yield rate of 1.6Mg C ha�1yr�1,

which has been reported in the literature as feasible in

average at the national level for coniferous forests (CF)

(De Jong et al., 2010). Finally, considering that there is

only 504.5 ha free of land tenure conflict, the final

amount of capturable above-ground tree carbon is

reduced to either 16,627.6Mg C or 60,857.0Mg CO2

distributed in 13 ejidos and two comunities (Table 4).

Discussion

The results obtained in this research lead to a better

understanding of the feasibility of a project proposal

for above-ground carbon capture to be further promot-

ed and implemented at the local scale. Unlike other stud-

ies made for determining the potential amount of carbon

capture (Balderas et al., 2014; Torres et al., 2010), this

work incorporates the analysis of two basic requirements

for the application of the MOS: i) continuity of bare soil

conditions since the last five years, and ii) without con-

flicts of land tenure.
In the PRCX, two studies have been carried out to

determine the carbon capture potential. Torres et al.

(2010) estimated forest density (above-ground carbon

stock) in the Xilitla Reserve by vegetation type using

forest inventory techniques. The authors utilized a

1:50,000 scale land use and land cover map previously

created by Mesomaya and CONANP (2010) to identify

each thematic class within the natural protected area

(33,949.4 ha). Above-ground carbon potential was esti-

mated from current annual increments, depending on

the species. The authors also found that annual above-

ground potential capture for the entire study area is

equal to 179,682Mg CO2 yr�1. The authors, however,
did not consider above-ground carbon capture as a gain
from reforestation, forestation, or forest restoration but
from current annual increments of already forested land;
the authors also did not separate conflict-free land
tenure. The second, developed by Balderas et al.
(2014), was reported to determine forest carbon capture
in the study area at the regional level. In this research
work, unlike in Torres et al.’s work, the authors consid-
ered an area of 6,820 ha of nonforested land (agricultural
and pasture use) as suitable to capture forest carbon; the
estimates of forest carbon capture were calculated using
standard values taken from IPCC, i.e., for Tier 1 was
25,727Mg CO2 yr

�1, for Tier 2 was 5,989Mg CO2 yr
�1,

for Tier 3 was 13,895Mg CO2 yr
�1. Such tiers represent

an assumed reduction in the uncertainty of estimates.
Such an approach is at the regional level, lacks social
criteria for eligibility, and is not suitable for our
objective.

At the global level, other recent modeling experiences
on potential land for forest restoration have been
reported. Brancalion et al. (2019) mapped the potential
land for forest restoration by estimating a compound
index, i.e., the restoration opportunity score (ROS). To
identify target areas, the authors first used a threshold of
90% tree canopy cover over a global land cover map,
and then masked out urban areas, water bodies, and
wetlands. Subsequently, they scored target areas by con-
sidering the following criteria: 1) restoration benefits,
including biodiversity conservation, climate change mit-
igation and adaptation, and water security and 2) resto-
ration feasibility, that is land opportunity costs,
landscape variation in forest restoration success and
persistence changes of restored forests. However, the
authors warned that implementation of forest restora-
tion might additionally depend on other

Table 2. Legal Situation of Land Tenure in RPCX.

Legal situation of the property Community (ha) Ejido (ha) Private property (ha) Total (ha)

Regularized land tenure 3.1 501.4 0.0 504.5

Land tenure under litigation 266.7 407.0 0.0 673.8

Information not available 0.0 0.0 957.7 957.7

Total 269.8 908.46 957.7 2,136.0

Percent % 12.6 42.5 44.8 100.0

Table 3. Potential of Aboveground Tree Carbon Capture (Mg C) According to Land Tenure and Legal Criteria.

Legal situation of the property Community (Mg C) Ejido (Mg C) Private property (Mg C) Total (Mg C)

Regularized land tenure 93.33 16,534.28 0.00 16,627.61

Land tenure under litigation 7,922.16 12,977.97 0.00 20,900.13

Information not available 0.00 0.00 31,279.78 31,279.78

Total 8,015.49 29,512.25 31,279.78 68,807.52
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socio-environmental factors, including land tenure secu-
rity, local disturbance factors, or legal regulations, while
Bastin et al. (2019) mapped the potential tree cover at
the global level by using a random forest algorithm

fueled with data to depict the entire range of both envi-
ronmental (climate, soil and topography) and forest den-
sity conditions. The pixels in this map represent
potential tree forest density (% forest cover) that the
ecosystem would be able to thrive according to a set of

environmental conditions and with minimal human
intervention. They also argue that, because they did
not have data on land tenure at the global level, it is
still difficult to estimate how much land is really avail-
able for forest restoration. Therefore, to ensure the fea-

sibility of a forest carbon capture project overtime, there
should be clarity in regard to who is the land owner
(public or private), i.e., land requires to be conflict free
of land tenure.

In the 3rd National Communication of the GHG
inventory, Mexico reported a mean value of above-
ground tree carbon of 52Mg C ha�1 for tropical rain-
forest, including evergreen and seasonal rainforest; for

the case of lands classified as nonforested, carbon values
varied from 6 to 19Mg C ha�1 (De Jong et al., 2010). In
our work, the same vegetation type exhibited forest den-
sity values from 18Mg C ha�1 to 91Mg C ha�1 (average
of 54.5Mg C ha�1), while the sites considered as nofor-

est presented a mean vegetation density value of
14.67MgCha�1. Therefore, these mean values of
above-ground tree carbon are similar to those reported
at the national level for Mexico.

Several growth rates in other countries are reported at
different ecological conditions. In Peru’s mountain cloud

forests, for example, growth rates can vary from 9Mg C
ha�1yr�1 at 3,000m.a.s.l. until 21Mg C ha�1yr�1 at
1,000m.a.s.l. (Malhi et al., 2017). In Ecuador’s cloud
forests, growth rates can range from 4Mg C ha�1yr�1

at 2,250m.a.s.l until 10Mg C ha�1yr�1 at 1,000m.a.s.l.
during the first five to seven years after natural forest
regeneration; such growth rates decrease to 1–2Mg C
ha�1yr�1 after 12 to 15 years (Spracklen & Righelato,
2016). Although forest growth rate depends on a variety

of factors (e.g., ecological interactions, species-specific,
biogeographical conditions), in the tropics, elevation is a
major factor strongly linked to mean annual tempera-
ture, which directly influences forest growth either
favouring or limiting it.

In Mexico, there are several examples of estimating
forest growth rate in forested ecosystems similar to our
study area. In tropical forests located in the region of

Los Tuxtlas en Veracruz, Hughes et al. (1999) found that
biomass accumulation on soil varied from 2.3 to 18.3Mg
C ha�1yr�1, which is inversely correlated to the time that
soil has been used for crop production. In liquidambar
forests growing in steep slopes with altered vegetation

conditions in the northern mountains of Oaxaca, the
mean growth rate was of 2.5–3Mg C ha�1yr�1 during
the first 40 years, while in sites with secondary vegeta-
tion, forest growth rate varied from 2.5 to 5Mg C
ha�1yr�1 (Etchevers et al., 2001). Aryal et al. (2014)

found that the biomass accumulation rate in
Calakmul’s biosphere is of 3.0Mg C ha�1yr�1 for
four- to 10-year-old forests and 1.6Mg C ha�1yr�1 for
35-year-old forests.

In all cases, the forest growth rate will depend on the
current successional stage after abandonment (Aryal et

Table 4. Potential Carbon Capture for Ejidos and Comunities That Meet Both Eligibility and Feasibility Criteria in the RPCX.

Land

tenure

Name of either

Ejido or community

Area of eligible

site for carbon

capture (ha)

Capture

potential

(Mg C ha-1)

Capture potential

of aboveground

tree carbon (Mg C) Years

Capture potential

of carbon dioxide

(Mg CO2)

Ejido Soledad de Zaragoza 162.57 32.9 5,352.58 38.8 19,590.44

Miramar 124.31 30.8 3,829.16 37.7 14,014.73

Ollita del pino 83.96 32.9 2,759.74 38.8 10,100.65

Coronel Castillo 66.05 37.5 2,475.57 41.2 9,060.59

Apetzco 23.84 30.4 725.19 37.5 2,654.20

Xilitlilla 14.51 30.7 445.82 37.7 1,631.70

Aguayo 12.92 44.6 575.61 45.1 2,106.73

Amayo de Zaragoza 9 25.5 229.5 34.8 839.97

San Antonio Xalcuayo 2.68 33.9 90.73 39.3 332.07

Ahuacatlán 0.87 34 29.57 39.4 108.23

Xuchiayo 0.57 30.4 17.34 37.5 63.46

San Jos�e de Hoyja 0.12 21.4 2.57 32.3 9.4

Bagazo 0.03 30 0.9 37.3 3.29

Community Sazn Antonio Xalcuayo 1.95 26.4 51.5 35.3 188.49

Ca~n�on de Tlamaya 1.15 36.4 41.83 40.7 153.1

Total 504.53 33 16,627.61 38.8 60,857.05
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al., 2014; Etchevers et al., 2001; Figueroa-Navarro et al.,
2005; Hughes et al., 1999; Malhi et al., 2017). Although
growth can be modeled with sigmoid/logistic curves to
better represent forest sucession stages, in this research,
we assumed a growth rate for a humid tropical forest of
1.6Mg C ha�1yr�1 to estimate the potential of above-
ground tree carbon growth. Mexico used this rate in its
3rd National Communication of GHG emissions pre-
sented at the UNFCCC-COP 12; this was the first inven-
tory with the most information derived from national
sources, Tier 2 (De Jong et al., 2010). Using this
growth rate allowed us to calculate the time required
by a forest to reach the top forest density condition as
a mature vegetation and estimate planning over time
with realistic data.

In order to define the above-ground tree carbon
potential that an eligible site could gain, a threshold of
75%, with respect to the maximum forest density
recorded in the Cartus et al. (2014) map, was assigned.
To do this, neighboring vegetation type was also consid-
ered in threshold allocation by using Thiessen polygons
to delineate their influence areas. This approach was
carried out by combining remotely sensed above-
ground carbon data estimates with geospatial data, i.e.,
vegetation map at 1:50,000 scale to predict the most
probable density in a matured forest. The Thiessen poly-
gon approach was used in the forest sector to analyze
variables strongly linked to spatial features of a forest
such as stand age, land tenure, and physiognomic char-
acteristics of trees, i.e., tree crown height (Argamosa et
al., 2016; Butler et al., 2014; Nelson et al., 2004).

In the study area, each eligible site presents varying
growth and environmental conditions. This approach
gives a customized estimate of above-ground tree
carbon for each eligible site. For example, a forest
stand could be within the influence of a seasonally dry
tropical forest with a forest carbon capture potential of
38Mg C ha�1 or within an influence area of an evergreen
rainforest with a forest carbon capture potential of
72Mg C ha�1. According to the literature, the first
example could reach a mature level during a 30- to 40-
year period, while the second will require a 60- to 65-
year period (Etchevers et al., 2001). This leads us to
reveal that such forest restoration will be achieved in
very different time lapses (Aryal et al., 2014; Etchevers
et al., 2001).

In tropical forests, the time required for carbon stocks
to be fully recovered is approximately between 73 and
85 years (Hughes et al., 1999; Martin et al., 2013;
Spracklen & Righelato, 2016) or until 125 years old
(Aryal et al., 2014). These types of ecosystems feature
other carbon reservoirs, including understory, dead
wood, and leaf litter under natural regeneration condi-
tions. This is mainly because forest growth rates are non-
linear and depend on vegetation type (Sherman et al.,

2012). During the forest restoration process, commonly

occurring changes are associated with the gain/loss of

individual trees of new species.
As time progresses, recruitment of new species

decreases and mortality of trees increases. This process

is accompanied by a change of dominance from soft-

wood to hardwood tree species, thus explaining the

extensive time a forest requires to recover until its pre-

vious stage before perturbation (Aryal et al., 2014). On

this basis, in the present work, we observed that the time

period for reaching the maximum forest density would

be at least greater than 20 years. Thus, we tried to model

the time length using a logistic model constructed in a

deterministic way, by considering the limits of forest
carbon density and the time required for it, after litera-

ture review. The required time obtained for forests to

grow to meet a target density was over 35 to 40 years;

however, in real-world conditions, it depends on a

number of factors, e.g., species growth rate (fast-

growth species, precipitation regime, soil depth, soil

nutrients available, among others). Therefore, this esti-

mate is only to obtain a general idea of the required

length of time for a forest to reach its desired density.
To know how long an eligible area takes to reach its

maximum potential for carbon capture, it is mandatory

to define particular environmental and ecological

growth conditions and further apply a methodology

for modeling forest growth as a whole, from different

points of view, e.g., empirical (allometric equations) or

physiological (biophysical models) (Vanclay, 1994).

Researchers have developed a number of tools on this
subject that can be used for estimating forest growth,

considering selected species and the productive capacity

of soil. Some models that allow estimating such approx-

imations include the forest vegetation simulator (FVS)

(Crookston & Dixon, 2005), the carbon budget model of

the Canadian forest sector (CBM-CFS3) (Kurz et al.,

2009), and the tropical rain forest stand table projection

(Vanclay, 1995).
This research assumed that nonforested places nearer

to natural vegetation should exhibit the same vegetation

type because they will probably share the same environ-

mental conditions. However, other approaches could be

explored to assign vegetation type not only to the nearer

one but to the most similar, according to environmental

conditions in the feature space, i.e., multivariate space. It

would be interesting to compare the differences between

the two approaches, i.e., geographical versus feature

space. Probably, using geographical space to assign the
most suitable vegetation type would derive a more

homogeneous landscape than that obtained by consider-

ing an environmental multivariate feature space.

Evaluating these two alternatives in terms of biodiversity

conservation, for example, may be challenging because
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they could reveal possibilities in the future landscape
configuration.

One important point to highlight in this research was
the availability of a high spatial resolution carbon map
for the whole country (Cartus et al., 2014). This seamless
data set was used to estimate forest density in terms of
above-ground tree carbon (Mg C) inside vegetation pol-
ygons depicted at the 1:50 000 scale, empowering the
most detailed land use land cover map available to spa-
tially describe forest carbon at the local level. Cartus et
al.’s map of forest density was multidated because it was
created with multiple data sources, i.e., forest inventory
data gathered by sampling from 2004–2007, Landsat
data collected during 2004–2007, and the land use land
cover map series IV made by photo-interpretating
Landsat and SPOT imagery were taken from 2007 and
2008.

Even though it is challenging to have an actual map
of forest density at the national level on a year-by-year
basis, the approximations carried out in this work of
forest carbon using Cartus et al.’s data currently repre-
sent the most updated estimates that can be achieved
with official data sets at high spatial resolution.
Therefore, these comprehensive forest carbon estimates
worked well because they were done by calculating
descriptive statistics, i.e., maximum and mean above-
ground tree carbon value, using all pixels from Cartus
et al.’s data for each land cover polygon at 1:50 000 scale
to know the potential capacity of forest carbon capture
of eligible sites using neighboring vegetation
information.

Further efforts of forest density data creation will
make it easier to design these types of projects.
Recently, it was announced that the accessibility of a
globally available seamless data set of forest/nonforest
at 50m spatial resolution that was built with active
remote sensing data (TanDEM-X interferometric data)
(Martone et al., 2018). This kind of information will be
useful in a number of ways. For example, as a validation
data source for the current nonforest map creation or if
forest carbon values are available in additional versions
of this data set, it can be used as the Cartus et al.’s. map
for above-ground carbon data source at the global level.

The area of nonforested land estimated in this work
by using remote-sensing techniques was of 2,136 ha, with
an estimate of above-ground tree carbon capture of
68,807Mg C, equivalent to 251,835Mg CO2. However,
estimating the potential of forest carbon capture is more
complex in tropical regions due to a diversity of ecolog-
ical, climatological, soil, topographical, and biogeo-
graphical conditions (Malhi et al., 2017).

On the other hand, although these outcomes appear
promising, a special issue was detected when examining
omission and comission error rates between classes in
the 2017 map. The producer’s accuracy obtained for

nonforested was 0.67. This can lead to important
errors in areal estimation. Hall (1994) stated that,
when classification error rates are about 20%, areal esti-
mation errors may be yielded as 10%. Thus, in this
research, if errors are approximately 33%, areal estima-
tion errors could be between 15% and 20%. This sug-
gests that further studies must be oriented to use more
detailed spatial resolution remotely sensed data sources
(i.e.,< 10m spatial resolution) to fulfill accuracy require-
ments to map nonforested land in a finer way.

Forest carbon stocks usually include above- and
below-ground carbon. However, the MOS was initially
designed to account for only aboveground carbon, with-
out detriment to consider soil carbon in quantifications;
therefore, taking soil carbon into account may be
optional when setting up forest carbon capture projects
(Ministry of Economy, 2015). Still, soil accumulates a
significant amount of carbon that should be considered
in carbon capture projects. Then, incorporating soil
carbon estimates into the methodology as further
research may increase certainty on how carbon is being
fixed after establishing a forest carbon capture project.
To date, only one study estimates soil carbon at 250m
spatial resolution for the conterminous United States
and Mexico (Guevara et al., 2020). This data set may
be used as a reference to calculate soil carbon gains or
additionality.

Implications for Conservation

The methodology presented here may be used as a ref-
erence for those interested in promoting forest develop-
ment by identifying the sites that may be eligible in the
implementation of a carbon sequestration project.
Further effort will be required to downscale the out-
comes of this approach, by using higher spatial resolu-
tion remotely sensed data sources, i.e.,< 10m spatial
resolution. The project developer must work between
the forest owners and the purchaser of the ex ante
carbon credits to compensate, partially or totally, the
carbon footprint generated in its production, distribu-
tion, or operation processes. In the NMX-AA-173-
SCFI-2015 standard, the mechanisms to be followed
for the design of these type of projects are published.
Reforestation, forestation, and forest restoration as the
result of the implementation of these projects may also
strengthen biodiversity conservation by increasing forest
cover with local species and improve connectivity in
highly fragmented landscapes. Thiessen polygons can
also be used for allocating what species to plant or
foster to grow in each individual eligible polygon. The
main goal of our approach is to create a methodology
for finding those places that can be restored to their
initial stage before land conversion and degradation.
This approach is applicable for countries interested in
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identifying potential areas for forest carbon capture and
encouraging carbon’s credit economic growth for
empowering rural people in cultivating and protecting
forests.
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