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Scope and Relevance

At the regional and global levels, mangrove 
restoration is gaining interest as an activity 
that can contribute to adaptation and 
mitigation strategies in the face of the effects 
of climate change. This interest is partly 
because mangrove forests are recognized as 
ecosystems with a great capacity to capture 
and store high concentrations of carbon in 
aerial and underground vegetation structures, 
as well as in the soil. Therefore, policies and 
management tools are being implemented for 
mangrove conservation and restoration that 
benefit different population sectors.

Globally, the restoration of degraded 
mangroves has the potential to capture and 
avoid the emission of up to 365 million 
tons of carbon per year, equivalent to the 
emissions of 142,000,000 households in the 
USA (Worthington and Spalding, 2018). 
Likewise, mangroves protect up to 15 million 
people living in coastal areas worldwide 
from floods, whose losses are valued at $ US 
65 billion per year (Menéndez et al., 2020). 
In the Gulf of California, Mexico, the value 
of the services provided by mangroves to 
fisheries has been estimated at US $ 37,500 
per hectare per year (Aburto-Oropeza et al., 
2008). Thus, the conservation and restoration 
of mangroves contribute to increasing the 
social capital and improving the livelihoods 
of coastal inhabitants (Valenzuela et al., 
2020). This is why mangrove restoration 
and the quantification of its services, such 
as carbon storage and capture, are key as a 

nature-based solution (NBS) in international 
efforts to mitigate the effects of climate 
change and contribute to the safety and well-
being of coastal populations. In addition, it 
contributes to the fulfillment of international 
commitments such as the Paris Agreement, 
the sustainable development goals of the 
2030 Agenda, and the restoration of degraded 
lands within the framework of the Decade of 
Ecological Restoration (2021–2030).

This manual offers methodological tools 
to estimate carbon stocks and capture in 
mangrove forests under restoration, which 
can be used by government sectors, civil 
organizations, academic and business 
sectors, and local communities with technical 
support. The methodologies described herein 
are aligned with the Intergovernmental Panel 
on Climate Change (IPCC) guidelines for 
national greenhouse gas inventories (2006) 
and the wetlands supplement (2013). Also, 
it is based on the experience gained by 
the Primary Production Laboratory of the 
Centro de Investigación y Estudios Avanzados 
(Mexico’s Center for Research and Advanced 
Studies, CINVESTAV) of the Instituto 
Politécnico Nacional (National Polytechnic 
Institute, IPN) Merida Unit, through the 
execution of mangrove restoration projects 
including the monitoring and quantification 
of carbon storage for more than ten years 
in the Yucatan Peninsula (Teutli-Hernández 
et al., 2020; Herrera-Silveira et al., 2020a  
and 2020b).
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1   
  
Introduction

Mangrove ecosystems are considered one of 

the largest carbon pools in the world (Donato 

et al., 2011), with accumulation rates in the 

soil ten-fold those of temperate forests and 

50-fold those of tropical forests (Laffoley 

and Grimsditch, 2009). However, the global 

extent of mangrove forests has decreased 

steadily, with losses of up to 35% of the 

original coverage as a result of anthropogenic 

activities, such as deforestation, changes in 

land use for tourism and aquaculture, and 

pollution, among others (Valiela et al., 2001; 

FAO, 2007; Arifanti et al., 2019). The loss 

and degradation of mangrove forests result 

not only in the loss of the various ecosystem 

services they provide, which have been valued 

at up to US $ 2.7 billion a year worldwide 

(Costanza et al., 2014), but also in the release 

of high concentrations of greenhouse gases 

(GHG) (Sanderman et al., 2018). Therefore, 

mangrove restoration efforts have become an 

initiative of international relevance to mitigate 

the effects of climate change (Friess et al., 

2019, 2020).

Within international efforts, mangrove 

restoration is a nature-based solution (NBS) 

that allows for addressing social challenges 

while contributing to meeting the Sustainable 

Development Goals (Cohem-Shsacham et 

al., 2016). One of the NBSs provided by 

mangroves is their ability to capture carbon, 

making it a priority of Natural Climate 

Solutions (NCS) (Griscom et al., 2017, and 

2020). On the other hand, mangroves actively 

reduce the vulnerability of socio-ecosystems 

through mechanisms of adaptation to climate 

change (e.g., mitigating the rise in sea level, 

protecting coastal areas from storms, and 

others) (Menéndez et al., 2020). Furthermore, 

mangrove restoration contributes to mitigating 

climate change by strengthening programs 

such as REDD+ (Reduction of Emissions 

from Deforestation and Degradation) 

through the reduction of GHG emissions. 

Therefore, mangroves are central components 

of Nationally Determined Contributions 

(NDCs), which refer to the adaptation and 

mitigation efforts of all signatory countries to 

the Paris Agreement (UNFCCC, 2016; Herr 

and Landis, 2016). At present, the political 

context favors the implementation of projects 

for the restoration of degraded ecosystems 

within the framework of the Decade of 

Restoration, together with the fulfillment of 

the objectives signed in initiatives such as the 

Bonn Challenge and the 20´20 initiative in 

Latin America, which seek the restoration of 

52 million hectares by 2030 (20´20 Initiative, 

2019; UN, 2020).

Among the international efforts for the 

recovery of degraded mangrove areas, 

the success of the Mangrove Ecological 

Restoration (MER) initiative has been 

highlighted, seeking to restore the 



2

CINVESTAV-IPN   •   CIFOR   •   UNAM-Sisal   •   PMC

Figure 1.1. Social challenges in which mangrove forests can contribute to ecological restoration as a nature-based solution 
(Icons SbN, Cohen-Shachaman et al., 2016) and sustainable development objectives to which mangroves contribute.
Photographs: CINVESTAV mangrove restoration project, Merida, Celestun, 2009–2019.

environmental conditions that promote 

natural regeneration before reforestation, 

leaving the latter as a supplementary action 

only if needed (Teutli-Hernández et al., 2020). 

MER aims to develop a heterogeneous system 

that restores its ecological functions and is 

more resilient than monospecific plantations 

or reforestation (Enhrenfeld and Toth, 1997; 

Ellison, 2000). However, the environmental 

heterogeneity resulting from MER, as opposed 

to the homogeneity of reforested patches, 

poses a challenge for quantifying carbon 

capture during the early reforestation stages, 

for which no specific growth patterns have 
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1.1 OBJECTIVE
 
This manual provides a methodological approach for quantifying and monitoring 

the storage and capture of carbon and greenhouse gases in mangrove forests 

undergoing restoration during early plant establishment and growth phases. This 

manual aims to contribute to and supplement the manuals already published for 

measuring and estimating carbon stocks in mature forests (Kauffman et al., 2013; 

Howard et al., 2014; Cifuentes et al., 2018). Unlike these, this new manual focuses 

on the sampling design for estimating carbon storage and capture during the early 

mangrove restoration stages, including recruitment, seedling establishment, and growth 

to juvenile stages. During these stages, there is high spatial and temporal heterogeneity 

in terms of environmental variability and the development of the mangrove forest as a 

result of the specific restoration actions of each intervention. The manual considers the 

most common restoration actions, including hydrological rehabilitation, topographic 

modifications, and reforestation, and offers tools for aligning methodologies based on 

IPCC guidelines (2003, 2006, 2013, 2019).

been defined. The protocols and manuals 

published for estimating carbon stocks apply 

to mature mangrove forests (Kauffman et 

al., 2013; Howard et al., 2014; Cifuentes et 

al., 2018). However, no protocols currently 

describe methodologies to assess carbon 

capture in mangrove ecological restoration 

projects. Hence, it is necessary to issue general 

guidelines for measuring and estimating carbon 

sequestration in mangrove ecosystems during 

the restoration process. This manual is the 

first to describe the methodology to quantify 

carbon storage and capture in mangrove 

forests under restoration and contribute to 

the development of mitigation and adaptation 

strategies facing climate change. This approach 

also contributes to efforts under the Blue 

Carbon approach.
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2   
  

Conceptual        
Framework

 
This section describes carbon stocks and 

outlines the processes involved in carbon 

capture by mangrove forests under restoration. 

Carbon stocks refer to biomass (above- and 

belowground) and soil, while the processes 

are related to the characteristics of the 

biogeochemical carbon cycle and ecological 

succession in mangrove forests under 

restoration.

2.1 CARBON FLUX IN MANGROVE 
FORESTS

In a healthy mangrove forest, CO2 flows 

naturally into and out of the system (Fig. 2.1). 

Entry to the system is the process whereby 

CO2 is converted through photosynthesis 

into mangrove biomass (wood, leaves, roots, 

fruits). Carbon captured in organic matter 

can be stored onsite (autochthonous) or reach 

other nearby ecosystems (allochthonous, 

mainly in sediments). In both cases, organic 

matter accumulates in sediment and remains 

stored in the soil for long periods due to high 

sedimentation rates and anoxic soil conditions 

favored by the hydrological characteristics 

of each site (Rovai et al., 2018; Ouyang et al., 

2020). In mangrove forests, carbon is stored 

in aboveground biomass (trees, grasses, and 

other plants), deadwood, litter, belowground 

biomass (roots), and soil (IPCC, 2003; Fig. 

2.1); in wetlands, soil is the primary carbon 

stock. The accumulation of organic matter in 

mangrove soil dates back to the Holocene and is 

responsible for their being considered “carbon 

bombs”, thus making of mangrove forests top-

priority ecosystems for conservation efforts 

and the mitigation of climate change (Seillés et 

al., 2016). As part of the balance in the carbon 

flux, the carbon output consists of small 

amounts of CO2 released into the atmosphere 

from plant and soil respiration (Cameron et 

al., 2019a). However, when the mangrove 

forest is deforested or degraded, the soil 

organic matter is exposed to oxidation, and 

the site shifts from a sink to a potential source 

of GHG emissions such as CO2, CH4, and N2O 

(Cameron et al. al., 2019a; Sasmito et al., 2019; 

Richards et al., 2020).
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Figure 2.1 Components of the carbon store and CO2 capture in mangrove forests, and carbon flow diagram in conserved and 
degraded mangrove forests. Definitions of the IPCC components (2003).
Design: Diana Cisneros de la Cruz, Illustration: Alberto Guerra.

2.2  CARBON CAPTURE IN MANGROVE   

 FORESTS UNDER RESTORATION 

Restoration must be based on the knowledge 

of the ecological processes of the ecosystem 

and the reduction of stressors resulting from 

the recovery of adequate conditions for the 

establishment of natural vegetation and the 

reactivation of biogeochemical processes 

that promote its ecological functions (Zedler 

and Callaway, 1999; Lewis III, 2005; Kamali 

and Hashim, 2011). In the case of mangrove 

forests and other wetland communities, a 

successful restoration implies the increase and 

maintenance of carbon stocks, but also the 

generation of co-benefits associated with the 

recovery of ecosystem services such as coastal 

protection, water filtration, and biodiversity 

conservation, among others (Crooks et al., 

2011). Given the economic and ecological 

importance of mangrove forests and their 

relationship with national and international 

efforts seeking adaptation and mitigation to 

climate change, various guides and manuals 

have been developed for the restoration 

of mangrove areas, detailing different 

methodologies and strategies for their recovery 

(Lewis and Brown, 2014; Teutli-Hernández et 

al., 2020; UNEP-Nairobi, 2020).
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• Improvement of eco-
hidrological processes.

• Hydro–geomorphological 
reconstruction.

• Natural regeneration 
(secondary succession).

• Boosts the recovery of 
vegetation structure.

• Direct intervention on 
composition.

Reforestation is one of the strategies most 

commonly used for mangrove restoration. 

However, it has been observed that this action 

does not favor the functional recovery of 

mangrove forests (Ellison, 2000) and yields 

a low survival rate of seeded seedlings (20%; 

Wodehouse and Rayment, 2019). Therefore, 

Mangrove Ecological Restoration (MER) has 

stood out for its greater effectiveness and 

recovery of mangrove ecosystem services 

(Lewis III, 2005; Kamali and Hashim, 2011). 

In MER, natural regeneration is privileged 

over reforestation, the latter being a 

supplementary measure as needed (Teutli-

Hernández et al., 2020). MER actions include 

both passive and active restoration procedures 

(Fig. 2.2), mainly hydrological restoration by 

enabling water flux, hydraulic connectivity, 

topographic modifications, and reforestation 

(López-Portillo et al., 2017).

MER reactivates the ecological and 

biogeochemical processes that promote 

carbon capture and storage in mangroves. 

Carbon capture starts from the first mangrove 

restoration stages and increases as the 

recovery of the mangrove structure progresses 

(Lunstrum and Chen, 2014; Pham et al., 

2017). At the beginning of restoration, carbon 

is captured mainly in biomass associated 

Figure 2.2. Active and passive restoration of mangrove forests (photograph of the reforestation of Sustainable Wetlands, 
Marismas Nacionales, Sinaloa). Removal of obstacles in Dzilam, Yucatan; opening of channels in Ría Lagartos, Yucatan, and 
topographic modifications in Sian Ka’an. Photographs: Primary Production Laboratory, CINVESTAV, Mérida.
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with vegetation growth, so it increases 

exponentially as the vegetation develops 

(Mckee and Faulkner, 2000; Lunstrum and 

Chen, 2014).

It has been observed that the carbon capture 

and storage rates in restored mangroves require 

10 to 15 years to approach the characteristics 

of the reference site (Bosire et al., 2008; 

Kridiborworn et al., 2012; Chen et al., 2018; 

Cameron et al., 2019b; Sidik et al., 2019). The 

carbon capture rate of a mangrove system 

under restoration depends on its structural 

recovery and the speed of the restoration 

process, which in turn are related to the 

environmental conditions and the restoration 

actions implemented (Mckee and Faulkner, 

2000; Alongi, 2012). For this manual, the 

carbon capture rate will be defined as the 

carbon accumulation in biomass and soil 

over a given period of time.

To better understand capture rates during 

restoration, it is necessary to investigate the 

development stages in a mangrove forest 

under restoration, which comprises three 

main stages (Fig. 2.3) based on the description 

by Fromard et al. (1998).

Figure 2.3. Schematic representation of the stages during the restoration of a mangrove forest.
Design: Diana Cisneros de la Cruz and Andrés Canul, Illustration: Alberto Guerra.
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Colonization

Colonization occurs once the hydrological and 

physicochemical conditions are recovering 

due to restoration actions. It is characterized 

by the natural establishment of seedlings or a 

high seedling survival rate under reforestation, 

usually along with the establishment of halo-

phyte grasslands. These grasslands facilitate 

the recruitment and establishment of man-

grove seedlings and are part of the ecological 

succession process (Fig. 2.4) (Teutli-Hernán-

dez et al., 2019).

Early Establishment

Differential survival results from the particular 

physiological tolerance of the species and 

individuals established, which compete for 

the available resources (mainly light and 

nutrients). Mortality increases and plant 

density decreases, but biomass and vegetation 

cover increase, giving rise to the spatial 

patterns of the dominant vegetation according 

to the microenvironmental characteristics 

(microtopography, interstitial salinity, redox 

potential, nutrient content in sediment). 

Increasing heterogeneity in the structure 

and composition of vegetation is observed 

in response to restoration actions, involving 

changes in the abundance and distribution of 

seedlings and juveniles (Fig. 2.4B).

Structural Development

Competition between individuals, plant 

growth, and mortality rates decrease. The 

development of vegetation assemblages will 

respond to the particular environmental 

conditions of the site. The success of these 

processes directly depends on the hydrological 

and physicochemical conditions of the surface 

water, interstitial water, and sediment. At this 

stage, the presence of juveniles and seedlings 

decreases, mangrove trees have grown in 

diameter or cover, and the production of fruits 

indicates that they have reached maturity 

(Fig. 2.4). In this stage, mangrove forests will 

continue developing particular ecological 

patterns until the mature forest stage is 

reached in response to the local environmental 

conditions.

* It should be noted that the duration of 
each stage depends on the particular 
characteristics and the degree of impact 
on the site, the restoration actions 
implemented, and the resources available 
to execute them.
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Figure 2.4. Restoration site in Celestun, Yucatan, Mexico. Colonization: growth of Batis maritima and Avicennia germinans 
seedlings. Early establishment: seedlings and juveniles. Structural development: predominance of Avicennia germinans adults.
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3   
  

Sampling Design:   
      Restoration Geometry

 
3.1 PRELIMINARY CONSIDERATIONS

This manual focuses on the sampling design 

for estimating carbon stocks and capture 

in mangrove sites under restoration. 

The methodology focuses on monitoring 

approximately the first five years after 

restoration actions are implemented (this 

period of time may vary according to the 

particular conditions of the site and the project). 

During this period, the mangrove forest is 

a dynamic system where biogeochemical 

processes such as carbon capture and storage 

respond to the actions implemented and the 

particular characteristics of each site. Unlike 

the manuals currently available that focus 

on adult mangroves (Kauffman et al., 2013; 

Howard et al., 2014; Cifuentes et al., 2018), this 

manual incorporates the spatial and temporal 

dynamics of the mangrove system during 

the early establishment stages in response 

to restoration. Once vegetation patterns are 

established in the restored system through 

the structure of adult mangrove trees, carbon 

quantification at the site can be performed 

using the published methodologies for mature 

forests. An important aspect to consider is that 

in a mangrove restoration project, estimating 

carbon stocks is not a separate process but 

an essential element within the objectives 

of the restoration project itself. Therefore, 

it shall be considered during the planning, 

implementation, and evaluation of the project 

(Teutli-Hernández et al., 2020). 

3.2  SITE DELIMITATION AND
 CHARACTERIZATION

The site will be delimited based on the 

institutional agreements, objectives, and 

resources of the restoration project (Teutli-

Hernández et al., 2020). It shall be ensured 

that the delimited area remains unchanged 

throughout the project development to avoid 

estimation errors. In ecological restoration, in 

addition to the area to be restored, a reference 

site of well-conserved mangrove forest or 

showing the lowest degree of disturbance 

possible shall be included as a reference to 

establish the goal of the restoration project. 

A degraded reference site (poor condition) 

where restoration actions are not performed 

shall also be included. This will be evaluated 

alongside the site under restoration and the 

well-conserved reference site. This strategy 

helps identify specific responses of restoration 

actions in the area under restoration and those 

corresponding to the natural recovery of the 

ecosystem.

The well-conserved reference site provides 

an estimate of the long-term carbon capture 
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potential of the site to be restored, as long 

as it remains conserved or has a proper 

management strategy (Fig. 3.1A), while the 

degraded reference site allows for evaluating 

the changes in carbon capture and storage or 

emissions before the restoration, as well as 

the emissions from the site if the restoration 

is not carried out (Fig. 3.1B). Additional 

aspects to consider include the region and 

the geomorphological characteristics where 

the site to be restored is located (Twilley et 

al., 2018; Cameron et al., 2019b), which can 

explain the differences in carbon capture 

rates in restored mangrove forests, as long as 

ecological functions are recovered.

The delimitation of the areas to restore can be 

achieved through different techniques tailored 

to the particular needs of each project and 

the resources available. A helpful tool is the 

Geographic Information System (GIS). The 

inclusion of remote sensing techniques used 

with satellite sensors or installed in unmanned 

aircraft (drones) is recommended (for details, 

refer to Section 5). Additional tools that can be 

used are free images from Google Earth (Calva 

et al., 2019), Sentinel, and Landsat. Likewise, 

the knowledge of the local inhabitants is a 

valuable source of information to establish the 

limits of the site and the access zones.

Once the area is delimited, the biophysical, 

social, and ecological characterization of the 

site to be restored is performed. It is critical 

to define carbon stocks prior to restoration. 

The existing pre-restoration (t0) carbon 

stocks represent the remaining carbon of the 

degraded ecosystem (baseline) and serve as 

a reference to estimate the increase achieved 

as a result of the restoration actions. The site 

characterization provides detailed information 

for the implementation of restoration actions, 

as well as key information to determine the 

risks and threats to the permanence of the 

captured carbon. For additional details on the 

characterization of the site under restoration, 

please refer to the Mangrove Restoration 

Guide by Teutli-Hernández et al. (2020).
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Figure 3.1. Carbon capture and storage rates through different trajectories during mangrove restoration.
Modified by Claudia Teutli from Irving et al., 2011.

3.3 COMPONENTS OF CO2 CAPTURE IN 
AREAS UNDER RESTORATION

3.3.1 Components 

Estimating carbon storage in mangrove 

forests under restoration considers the 

stocks established by the IPCC (2003): 

aboveground (e.g., trees, grasses, and shrubs) 

and belowground (e.g., roots and rhizomes) 

living biomass, necromass (e.g., litter and dead 

wood), and organic carbon in soil (Table 3.1). 

However, in a mangrove forest in the recovery 

process, the presence and importance of the 

carbon stocks and their components (Fig. 

2.1) change over time and space due to the 
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different ecological processes that develop in 

response to restoration actions (Fig. 3.5).

The assessment of small carbon components or 

those with a low probability of being affected 

during restoration (either by restoration or 

by anthropogenic or natural impacts), such 

as litter or dead wood on the surface, can 

be excluded or sampled with less frequency, 

depending on the resources available to 

perform field activities and laboratory analyses 

and the analysis of the sampling effort and 

frequency of the project and other restrictions 

(Howard et al., 2014). 

Stocks Component Description Component images

A
bo

ve
gr

ou
n

d
 li

vi
n

g 
bi

om
as

s

Seedling

Seedlings are established tree 
individuals less than or equal 
to 50 cm in height. Seedling 

quantification is essential 
during the early restoration 

stages.

Juvenile

Juveniles are plants of at least 
50 cm in height and less than 
2.5 cm in diameter measured 

at half the plant height 
(Teutli-Hernández, 2008).

Adult

Plants measuring over 50 cm 
in height and more than 2.5 

cm in diameter at 1.30 m 
height that have developed 
anchorage mechanisms and 

reproductive structures. 
(These criteria may change 

for shrub mangroves).

Table 3.1. Carbon stocks and their components selected for estimating carbon capture in restoration sites.
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Stocks Component Description Component images

Herbaceous 

halophytes

In zones under restoration, 
herbs are an essential 

component in successional 
processes.

Pneumatophores

Plant structures of mangrove 
genera Avicennia and 

Laguncularia for oxygen 
exchange when water level 

rises or the site is completely 
flooded (Rodríguez-

Rodríguez et al., 2018).

Live roots

Once the colonization and 
establishment of seedlings 
and herbs start, living roots 

measuring over 2 mm in 
diameter are considered 

(IPCC, 2003).

Table 3.1. Carbon stocks and their components selected for estimating carbon capture in restoration sites.
   Continuation
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Stocks Component Description Component images

N
ec

ro
m

as
s

Standing 

deadwood

 Deadwood can be a 
significant component 

of aboveground biomass, 
especially at the beginning 

of the project, when the site 
is degraded (Kauffman et al., 
2013; Howard et al., 2014)

It can be classified as 
standing deadwood 

composed of standing trunks 
under various degrees of 

decomposition.

Downed 

deadwood

Downed deadwood 
comprises all wood lying on 
the ground measuring >2.5 

cm in diameter. 

Litter

Litter refers to all dead 
biomass lying on the ground 
(downed deadwood <2.5 cm 
in diameter, leaves, flowers, 

fruits, and propagules). 
This may be considerable in 

more advanced structural 
development stages during 

restoration.

So
il

ca
rb

on

Soil

This refers to accumulated 
organic carbon — one of the 
most critical components in 
mangrove forests. However, 

in sites under restoration, 
soil carbon is one of the 

components that take longer 
to respond.

Table 3.1. Carbon stocks and their components selected for estimating carbon capture in restoration sites.
   Continuation
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3.3.2 Measurement Frequency

Measurement frequency is established 

based on the availability of economic and 

human resources to perform measurements 

in the different components and the speed 

of recovery of ecological processes, the 

latter depending on the site geomorphology, 

hydrology, and climate (Cameron et al., 

2019b). To achieve efficient resource use, it 

is essential to include sampling for carbon 

estimation as part of the restoration project 

monitoring. Thus, the monitoring frequency 

in a restoration project shall define the 

sampling frequency for estimating carbon 

during restoration. For further information on 

follow-up, please refer to the restoration guide 

of Teutli-Hernández et al. (2020).

The time between measurements shall be 

established based on the time required to 

identify changes in carbon stocks associated 

with vegetation development (Kauffman 

et al., 2013). This is highly dependent on 

the restoration actions performed. After 

restoration actions, the hydrological and 

physicochemical conditions of interstitial 

water of the soil are expected to recover, 

triggering different phases of vegetation 

growth where the species structure and 

composition will change over short time 

intervals (Fig. 2.3).

During the early colonization phase, generally 

the first 1–1.5 years after restoration (if the 

actions selected were adequate), sampling 

shall be carried out every three or four months 

(along with the monitoring of restoration). 

In the early establishment stage and up to 

approximately 2–3 years, sampling may be 

conducted every six months or annually. In 

the structural growth stage, when distribution 

and zoning patterns have been defined given 

the differential physiological tolerance of 

each species and the growth and turnover 

rates have decreased, sampling can be carried 

out annually during the first five years. Once 

a mature forest has been established, it is 

recommended to keep monitoring annually; 

if this is not possible, monitoring can be 

performed every five or ten years (Fig. 3.2).

Systematic sampling during the restoration 

process from the early establishment stages 

supports a better understanding of the 

ecological processes during restoration 

and their relationship with the different 

components and carbon capture in the 

ecosystem.
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3.4 SAMPLING DESIGN

Mangroves under restoration develop 

heterogeneous landscapes where ecological 

processes occur differentially in time and 

space. The vegetation structure can be 

recovered as long as the hydrological and 

physicochemical conditions are suitable for 

the growth and survival of the mangrove 

forest (Teutli-Hernández et al., 2020). 

Consequently, the recovery of vegetation, 

especially natural regeneration, does not 

follow streamlined patterns, as is the case with 

reforestation. As mangrove forests present 

spatially and temporally heterogeneous 

distribution patterns, regeneration and 

growth rates will largely depend on the type 

of actions implemented and the particular 

conditions of the site (Teutli-Hernández, 

2017; Arenas-González, 2019): for example, 

the geomorphology, climate, and hydrology 

(Cameron et al., 2019b). These factors regulate 

the ecological processes during restoration, 

such as the establishment of seedlings 

associated with differential physiological 

tolerance, intra- and interspecific competition, 

and differences in growth rates (Cardona-

Olarte et al., 2006; Alleman and Hester et al., 

2011). Therefore, in a site under restoration, 

unlike a mature forest, the carbon capture rates 

are dynamic in time and space, particularly 

during the early restoration stages.

3.4.1 Area Stratification

Since vegetation in an area under ecological 

restoration develops heterogeneously, the 

sampling design shall consider this temporal 

and spatial variability. In a mature mangrove 

forest, landscape heterogeneity can be 

defined according to strata given by smaller 

homogeneous zones, allowing for sampling of 

the site variability with less effort (for example, 

ecological type of mangrove, vegetation 

types; Kauffman et al., 2013). However, in a 

site under restoration, the species coverage, 

structure, and composition will change in 

space and time depending on the restoration 

actions. Therefore, the restoration geometry 

can define the stratification in a mangrove 

site at the beginning of the restoration. In 

other words, strata are set by the probability 

of response to restoration actions, defined by 

areas of greater or lesser influence (Fig. 3.5). 

The delimitation of these zones of influence 

by strata prevents over- or underestimating 

carbon stocks over time by sampling. For 

example, in a site under restoration by 

hydrological rehabilitation where canals have 

been enabled or rehabilitated, sampling units 

(plots) are randomly distributed in the area 

to be restored at the beginning of the project 

when there is no vegetation present, so the area 

without vegetation would remain a uniform 

stratum. As the restoration process progresses, 

most plots are randomly distributed where 

the vegetation has not developed or survived, 

while the areas where vegetation has evolved 

by natural regeneration (for example, as a 

result of the influence of canals) have fewer 

plots selected at random to represent them. In 

this example, a more significant work effort 
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is required in an area of low variability where 

fewer plots would be needed (area without 

vegetation), resulting in an underestimation of 

the carbon captured and stored on the site. On 

the other end, if the largest number of plots is 

distributed along canals, overlooking the areas 

with no plant growth, the carbon stocks on the 

site would be overestimated.

Therefore, stratification at the beginning of 

the project shall be adapted to the particular 

conditions of the project area, considering 

the remaining vegetation, either conserved or 

under different degradation levels, as well as 

the areas of greatest and least influence of the 

restoration actions implemented on the site 

(Fig. 3.3).

Figure 3.3. Areas of greatest and least influence in a rehabilitated canal within a mangrove forest under restoration.
Photograph: Site under restoration in Yucalpeten, Yucatan, Mexico 2018.

The areas of influence will depend on the 

distribution of restoration actions and the 

resulting changes in the hydrological and 

physicochemical characteristics of the site. 

The areas of greatest impact are those where 

the conditions necessary for the survival 

of seedlings are recovered more rapidly. 

In contrast, the areas of least influence are 

more remote areas where restoration actions 

have no direct impact, so it will take longer 

before adequate conditions are recovered 

(Fig. 3.3). During restoration, monitoring 

the physicochemical conditions of water and 

soil and the hydrology allows for defining the 

boundaries of the strata based on areas of 

influence.
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Figure 3.4. Spatial influence of restoration actions to consider in the sampling design. A) and B) Area of influence of the 
canal, Celestun, Yucatan, Mexico; C) and D) Reforestation, Celestun, Yucatan, Mexico; E) and F) Topographic modifications,  
Sian ka’an, Quintana Roo, Mexico.

A
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The most common restoration actions in the 

MER are hydrological rehabilitation through 

the enabling of canals and their connectivity, 

reforestation, and topographic modifications 

(Fig. 3.4). A single restoration action or a 

combination of these can be implemented. 

Each would represent a stratum reflecting 

the area of spatial influence of the restoration 

action itself, in addition to considering the 

areas of less influence distributed among 

the areas of greatest impact and the areas of 

preserved or degraded remnant vegetation. 

(Fig. 3.5).

When canals are enabled for hydrological 

rehabilitation, the areas adjacent to canals are 

generally the first to be colonized or selected 

for seedling planting (Fig. 3.4A and B). Then, 

the areas closest to the canal would be the 

areas of greatest impact, and this influence will 

decrease with distance from the canal; these 

areas will be defined as a stratum (Fig. 3.5). It 

has been observed that the area of hydrological 

influence of a canal may range between 10 

and 20 m (Andueza, 2011). This depends 

on the particular characteristics of the canal 

(depth, width, edge shape) or the tidal range, 

so one way to define the limits of the area of 

influence is through field measurements of the 

hydrological and physicochemical parameters 

(salinity, redox potential, pH) in the area 

surrounding the canals.

Actions related to topographic modifications 

(TM) can be implemented using different 

techniques and materials so that each TM 

has its own height and size (Fig. 3.4 E and 

F). Generally, TMs are arranged randomly in 

delimited zones of the area to be restored. It is 

recommended that the total area where TMs 

are conducted be considered a single stratum 

(Fig. 3.5). On the other hand, in reforestation, 

seedlings are generally planted following 

a systematic spatial design in the area of 

interest; Therefore, this stratum is defined by 

the area where seedlings have been planted. 

In addition, it is essential to locate areas 

of remaining vegetation that can be either 

defined as a separate stratum or integrated 

into others.

The definition of the strata will depend on 

the distribution, area, and specific actions 

implemented in each project. The criteria to 

define the limits of each stratum will depend 

on the area, the particular objectives of the 

project, and its execution. The strata shall 

not overlap each other. Each stratum shall 

have a well-defined area, and the sum of the 

stratum area shall represent the total area of 

the project and remain constant throughout 

the monitoring. Stratification will reduce 

the number of requirements and increase 

the accuracy of carbon stock estimates. The 

size and number of strata shall reflect the 

balance between the target accuracy, the time 

required, and the available resources (Howard 

et al., 2014). Likewise, the defined strata shall 

be delimited and monitored through GIS to 

delineate the specific areas of each (Section 5).
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3.4.2 Definition of Plots

For sampling each stratum during the 

restoration monitoring, sampling units called 

plots are defined, which allow for extrapolating 

and reporting measurements of carbon stocks 

per hectare (Kauffman et al., 2013; Howard et 

al., 2014; Cifuentes et al., 2018). In a mangrove 

forest under restoration, permanent plots 

shall be established, defined as long-lasting 

and spatially well-demarcated areas that allow 

for recording measurements that are directly 

comparable through time. The advantages of 

permanent plots are that stratification and 

plot design are performed only once, and they 

produce statistically accurate data to identify 

changes in carbon stock over time because 

the same plot is measured on two occasions 

(Howard et al., 2014). The disadvantages are 

that the plots may represent areas where the 

vegetation ultimately does not survive or is not 

established, making it necessary to increase 

the number of plots to obtain an accurate 

measurement (Pearson et al., 2007).

Figure 3.6. Nested sampling unit. In a plot, different subplots of smaller dimensions are located according to the component. 
Subplots allow for measuring different components during the restoration process. The measures shown in the image are 
suggestions that can be adapted according to the specific needs and objectives of each site. Illustration: Alberto Guerra.
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Plots for describing biomass composition and 

carbon stocks can have different shapes and 

sizes, depending on the component (Kauffman 

et al., 2013; Howard et al., 2014). For plot size, 

it is recommended that the minimum size be 

similar to or greater than the spatial resolution 

of the image used in the GIS so that changes in 

carbon stocks can be tracked through spatial 

analyses (Section 5).

It is recommended that plots follow a nested 

design that allows for considering variations 

in composition and structure over time (Fig. 

3.6). Nested plots consist of a large permanent 

plot and smaller subplots within it. Each 

subplot is designed for measuring different 

components over time. These shall be defined 

from Time 1 (start of the restoration, i.e., once 

the restoration actions have been performed) 

and be monitored throughout restoration. 

Seedlings and herbaceous plants are measured 

in the smallest plots (e.g., 1 m x 1 m), juveniles 

in medium-sized plots (e.g., 5 m x 5 m), and 

adult trees in large plots (e.g., 10 m x 10 m). 

Samples for soil carbon measurement are 

obtained from the center of the plot. The 

objective of a nested plot design is to achieve 

optimum sampling shape, size, and intensity to 

describe as accurately as possible the recovery 

of a mangrove forest under restoration 

without resorting to redundancies. Once 

the permanent plots have been designated, 

the GPS coordinates shall be recorded at the 

center of the plot, and each vertex shall be 

delimited; to this end, PVC pipes with a mark 

of colored tape (e.g., flagging tape) or marker 

can be used, with which the plot will be more 

easily identified in subsequent samplings.

Permanent plots shall be established in the 
randomly defined strata, considering the 
accessibility to the site (Fig. 3.7). 

Figure 3.7. Sampling units according to the restoration actions. A) Enabling channels; B) reforestation (boxes represent 
permanent nested plots); and C) topographic modifications. Yellow circles represent TM; red circles, those TMs selected as 
sample units; and empty red circles, sampling units outside TMs. Prepared by Diana Cisneros de la Cruz.

A CB
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This allows, on the one hand, for monitoring 

the response in carbon store and capture from 

the different restoration actions, and on the 

other, for achieving better representativeness 

of the growth and accumulation of biomass, 

and therefore of carbon, favored on  the 

site. Additional considerations are described 

below to define the distribution, size, and 

number of plots according to the restoration 

actions.

Enabling and Rehabilitating Canals: If the 

objective is to determine the effect of the canal 

on carbon stocks, different levels are defined 

in the strata, depending on the influence of 

the canal (Fig. 3.5), starting from the highest 

(+++) to the lowest (+) influence level. Plots 

shall be randomly defined along the canal, 

considering a maximum access distance of 

100 m to the sampling areas (Fig. 3.7A).

Reforestation: Reforestation, plantation, 

and afforestation are usually carried out as 

monocultures with a homogeneous spatial 

design. The number of individuals is usually 

accurately counted to estimate the survival 

rate. In reforested areas, at least 10% of the 

total area where seedlings have been planted 

shall be sampled; to this end, permanent plots 

shall be established at random (Fig. 3.7B).

Topographic Modifications (TM): This type of 

action has become very common in different 

projects of different shapes and sizes. TM 

allows for recreating ideal ground level 

conditions to boost the growth of mangrove 

trees. The total area of each TM corresponds 

to a sampling unit; it is recommended to 

sample at least 10% of the total area for 

proper representativeness, thus reducing the 

error for TM units where vegetation either 

fails to develop or dies. Furthermore, for 

each TM sampled, an equivalent area and 

number of sampling units located outside the 

TM shall also be monitored. If the TM has a 

diameter or area greater than 5 m2, 1 x 1 m 

subplots should be established to evaluate 

the seedlings. Due to the difficulty involved 

in moving across sites under restoration, the 

reference site without TM shall be placed near 

or adjacent to the selected TM (Fig. 3.7C) 

The number of plots can be determined 

through local knowledge and experience, 

as well as based on simple statistical tests 

(Kauffman et al., 2013). A valuable online 

tool to calculate the number of plots is http://

www.winrock.org/Ecosystems/tools.asp. In 

general, sampling precision shold be within 

10% of the actual value of the mean with a 

95% confidence level. According to Kauffman 

et al. (2013), the number of plots that are 

required can be calculated using the following 

equation:

Minimum number of plots

(n) = ((t*s) / E)2

n= number of plots

t= t-distribution statistic for the 95% confidence interval 
(t is generally 2 because at this time the sample size is 
unknown)

s= expected or known standard deviation from previous 
or baseline data

E= allowable error in the first half of the confidence 
interval, obtained by multiplying the mean carbon store by 
the target precision, i.e., * 0.1 (10% precision).
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If the area is divided into strata, the number 
of plots for each stratum shall be calculated. 
A larger number of plots shall be established 
in areas with greater variability to reduce the 
uncertainty within the stratum. In addition, the 

number of plots shall be increased by 10% to 
compensate for any data lost from unexpected 
situations during restoration (Kauffman et al., 
2013).

4   
  

Quantification of 
Carbon Capture and 
Storage

 
Estimating carbon capture in a mangrove 

forest under restoration requires measuring 

the carbon stocks of the components set by 

the IPCC (aboveground biomass, belowground 

biomass, dead wood, litter, and soil carbon, 

according to the restoration stage, see Chapter 

3) at a minimum of two different timepoints 

(Fig. 4.1). In mangrove forests under 

restoration, quantifying the carbon stock of 

the disturbed site allows for setting a baseline 

for the quantification of carbon captured as a 

result of restoration (Fig. 4.1). Measurement of 

carbon stocks and their components through 

restoration monitoring will facilitate tracking 

changes in carbon stores. The analysis of 

carbon stocks and capture can be approached 

through the total carbon stock in the 

ecosystem or as the changes from restoration 

in each component, according to the specific 

objectives of the project.

Estimating carbon capture and stocks requires 

the following: 1) Fieldwork, measurements, 

and sampling according to the component; 

2) Estimation of biomass (dry weight) and 

organic carbon content through allometric 

equations or direct measurement in the 

laboratory; 3) Estimation of carbon stocks as 

the sum in all the components, and carbon 

capture as the difference of carbon stocks over 

time (Fig. 4.2).
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Figure 4.1. Carbon capture during the restoration process (Modified from Howard et al., 2014). Design by Diana Cisneros de la 
Cruz. Icons from: https://ian.umces.edu/media-library/symbols/

Figure 4.2. Methodological sequence for estimating carbon sequestration.
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The methodologies described in this section 

are based on the protocols and manuals 

already published for carbon measurement in 

mangroves (Kauffman et al., 2013; Howard et 

al., 2014; Cifuentes et al., 2018): Therefore, 

this manual outlines a summary of these 

methodologies; for additional details, please 

refer to the documents above (Table 4.1). This 

manual includes a more detailed description 

and emphasis on the measurement of the 

plant components during the early restoration 

stages, i.e., mangrove seedlings and juveniles. 

Once the mangrove forest under restoration 

shows a structural development stage in which 

adult trees predominate, the standard methods 

for mature mangroves can be used; these can 

be consulted in the manuals referred to in 

Table 4.1. 

Component Reference methods

Mature trees 
Kauffman et al., 2013

Howard et al., 2014

Cifuentes et al., 2018

Rodríguez et al., 2018

Litter Yepes et al., 2016

Soil

Roots 
Adame et al., 2014, 2017

Hernández-Saavedra, 2011

Table 4.1. List of references for methodologies with international standards for measuring carbon stocks in mature 
mangrove forests.

4.1 FIELDWORK

Preliminary Considerations

Fieldwork in mangroves under restoration 

presents difficulties that result in physically 

demanding effort compared to those that need 

in a healthy mangrove. During  first phases of 

restoration, it is common to face significant 

topographic variation, and little tree density 

or no developed plant structure, which implies 

being exposed to high solar incidence and 

difficulty moving from one point to another. 

Furthermore, it is common to find remains 

of buried dead wood that can be dangerous, 

and walking through natural channels and 

those derived from restoration actions make it 

difficult, and in some cases, limit mobility. For 

these reasons, it is necessary to advance with 

caution and with the appropriate equipment 

such as thick-soled shoes, a cap or hat, a long-

sleeved shirt, sunscreen, and repellent. Lastly, 

it is recommended to consider the tide table 

or the rule of twelfths (Kauffman et al., 2013), 

to carry out sampling during periods of lesser 

flooding, as well as to schedule sampling in 

dry or fewer precipitation seasons to facilitate 

fieldwork.
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Fieldwork for quantifying carbon stocks 

in the different components of mangrove 

forests consists of two main activities: 1) field 

measurement of structural variables and 2) 

sample collection for subsequent laboratory 

testing.

In each sampling event, it is essential to 

keep proper data records, for which logs 

shall be developed (Annex 7.1). These forms 

shall include the following information to 

be recorded: site, geographic coordinates, 

stratum or zone, plot number, plot size, date, 

component sampled, identification number 

(ID) of the individual plant (for mangrove 

trees, juveniles, and seedlings), technician 

name, general observations on the site or at 

the sampling time. Proper recording of these 

data allows for maintaining a chain of custody 

of the information collected and analyzed to 

minimize recording errors. The fieldwork 

methodologies are described below according 

to the carbon stock and its components.

4.1.1 ABOVEGROUND BIOMASS

Seedlings and Juveniles

Mangrove seedlings and juveniles are 

individuals that have not reached their 

reproductive age. Seedlings are individuals less 

than 50 cm in height, while juveniles measure 

more than 50 cm in height and less than 2.5 cm 

in diameter at half the height of the individual 

plant (Table 3.1). To estimate carbon capture 

in seedlings and juveniles, biomass shall be 

Figure 4.3. Restoration area. The canals and high solar incidence are evident when sampling is conducted during the early 
ecological restoration stages of the mangrove forest. Yucalpeten, Yucatan, Mexico.
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calculated for each species. Unlike adult trees 

for which multiple allometric equations have 

been developed for estimating their biomass, 

allometric equations shall be obtained for 

seedlings and juveniles for each site. These 

estimates require greater precision due to the 

significant variability of these stages according 

to the particular environmental conditions 

on the site (Turner et al., 1995). Therefore, 

the estimation of seedlings and juveniles 

biomass is estimated through the sampling of 

individuals for the specific allometric formulas 

developing that include variability within 

the site (section 4.2.1.1). Once seedlings and 

juvenile site-specific allometric formulas 

have been developed, they can be used with 

structural measurements taken in the field 

during project monitoring.

Figure 4.4. Establishment of mangrove and halophyte grass seedling adjacent to a canal in a restoration zone in Progreso, 
Yucatan, Mex.

During each field campaign, the composition 

and structure of seedlings and juveniles shall 

be determined in the subplots intended for 

this purpose. The variables to be measured are 

species composition, number of individuals/

plot area, total length, and stem diameter. 

These variables are useful for calculating the 

individual growth and survival rate, as well as 

estimating the increase in biomass over time.

To measure structural variables in the field 

and calculate the growth rate and increase 

in biomass, each seedling shall be measured 

and tagged with an aluminum plate or an 
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 For example, the tag can be loosely affixed 

at the distal end of the growth apex or above 

the first node (corresponding to cotyledons), 

as shown in Figure 4.6. This will make it 

possible to monitor survival and growth in the 

subsequent sampling times (Rodríguez et al., 

2018). If for any reason in the post-t1 sampling 

times any of the tags affixed to a seedling is no 

longer in place or damaged, it must be replaced 

Figure 4.5. Seedling marking in subplots with “flagging” tape for monitoring.

identification flagging tape at time 1 (t1) after 

the restoration actions. It is recommended 

that only seedlings larger than 10–15  cm 

in height be tagged, as smaller seedlings 

can be misidentified and are susceptible to 

damage when tagged. Any tag used shall 

be easy to identify and read over time and 

shall not damage the individual to follow 

its morphological changes throughout the 

monitoring period (Fig. 4.5).

to continue monitoring the affected individual; 

the tag replacement and any changes observed 

shall be recorded in the log. Only seedlings 

are expected during the first sampling time at 

a restoration site. In subsequent monitoring 

as the vegetation develops, the presence of 

juveniles is expected, which shall be included 

in larger subplots (5 x 5 m) within the 

permanent plot; these individuals shall also 
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be tagged for monitoring. It is recommended 

that the tag be placed above the first node for 

juvenile individuals. New seedlings observed 

within the smallest subplot shall be tagged and 

measured, and those that have died recorded.

Monitoring the survival and structural 

development of individuals allows for 

individual recording of the increase in biomass 

of seedlings and juveniles during development 

Figure 4.6. Rhizophora mangle seedling tagged with 
aluminum plates.

for estimating carbon stocks and analyzing the 

population dynamics in each site in response 

to restoration actions and its relationship with 

the carbon capture rate.

Subplots can be marked with PVC quadrants; 

this facilitates rapid field measurements at a 

low cost. Once the subplot has been delimited, 

the following variables are measured:

Species composition: species observed and 

frequency (number of individuals in the 

subplot).

Plant density: number of seedlings in the 

subplot (Fig. 4.7A). It is recommended to start 

counting from a corner to avoid damaging or 

stepping on seedlings or during the recording 

of the other variables (Rodríguez et al., 2018).

Stem length (cm): this is recorded using a ruler 

(wood or plastic) or measuring tape from 

ground level along one side of the plant. Stem 

length is measured from the section where the 

stem begins to the position of the highest leaf 

(Fig. 4.7B).

Stem diameter (cm): it is measured with a 

vernier. The diameter of the main stem is 

measured above the first node of the seedling 

(corresponding to the pair of cotyledons); 

in juveniles, stem diameter is measured at a 

distance corresponding to one-half of its height 

(D). For species with a propagule such as R. 

mangle, one measurement shall be recorded at 

the mid-height of the propagule and another 

at the mid-height of the parent plant stem  

(Fig. 4.7C).
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Figure 4.7. A) 1 x 1 subplot for seedling measurement; 
B) Measurement of the total length of the seedling;  
C) Seedling diameter measurement with vernier.

A

C

B

Importantly, in each monitoring time, all 

measurements shall be recorded correctly in 

the field logs that include all the measured 

variables (Annex 7.1). The recruitment and 

mortality of individuals and any changes 

observed or made during follow-up shall be 

noted. On each occasion, it is essential to verify 

that each individual is adequately labeled, 

confirming the status of the aluminum tag or 

flagging tape, rewriting the tracking code, and 

replacing any tags that are damaged or have 

been lost. 

To develop the allometric equations, a random 

sample of at least 50 individuals of each species 

present in the restored site and different 

cohorts (heights), i.e., seedlings and juveniles, 

shall be collected at t1.  This sample is sufficient 

to capture a wide variability in biomass 

(plant height and diameter) resulting from 

tissue density in response to environmental 

variability. Cohorts can be established using 

the Sturges’ formula (1926) used in Ramírez-

García (1998), and thus select the cohorts for 

collecting individuals based on plant height.

Sturges’ formula:

K= 1 + 3.322 (Log N)

K= number of classes

Class width: C= R / K

Where: R= Range= (Higher figure– Lower figure)

N= number of individuals
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Individuals shall be collected from outside 

of the permanent plots. Seedlings and 

juveniles collected shall be properly labeled. 

Subsequently, they shall be transferred to the 

laboratory for processing (Section 4.2).

Adult Trees  

Adult mangrove trees may display different 

structures depending on the ecological type 

of mangrove that develops on the site (e.g., 

fringe, basin, shrub, riverbank; Lugo and 

Snedaker, 1974). In an area under restoration, 

the reference site will provide an overview 

of the expected structure at the restored site 

(Fig. 4.8). Those individuals greater than 50 

cm in height, more than 2.5 cm in diameter 

(normal diameter, 1.30 m in height), and 

that have reached the reproductive stage 

are considered adults. The well-conserved 

reference site will help define the structural 

characteristics of adult mangrove trees more 

precisely. In sites where shrub-like mangroves 

or dwarf mangrove structures predominate, 

individuals with reproductive structures will 

be considered adults regardless of their height 

or diameter (Herrera-Silveira et al., 2014; 

Rodríguez et al., 2018).

Adults shall be measured at the reference and 

restored sites as soon as at least one individual 

is observed within the permanent plot. All 

adult individuals shall be labeled for follow-

up during all sampling times (aluminum tags, 

paint marks, flagging tape, etc.). The variables 

to be measured in each individual are shown 

in Figure 4.9.

Figure 4.8. Shrub-like mangrove of Rhizophora mangle with a maximum height of 60 cm in Sian Ka’an, Quintana Roo, Mexico. 
Photographs: Diana Cisneros de la Cruz.
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Figure 4.9. Summary of the methods for measuring structural variables of adult trees. For further details about the measurement 
of these variables according to the different plant growth patterns within a mangrove forest, refer to Kauffman et al. (2013) 
and Rodríguez et al. (2018).

Pneumatophores

Pneumatophores are part of the living 

aboveground biomass. To determine 

pneumatophore biomass, at least three subplots 

shall be established within the permanent 

plots. This will produce data to calculate the 

mean and standard deviation for the plot 

and measure pneumatophore density, height, 

and diameter according to Figure 4.10. It is 

recommended to build a 1 m x 1 m quadrant 

with assembled PVC pipes; the advantage of 

using PVC quadrants is the ease with which 

Composition

Species present and frequency of occurrence

Total height

Tree length from ground level to 
its apex. 

Measured with tape measure, 
hypsometer, or digital clinometer.

*For shrubs, also measure the height of the top.

Shrub type (< 2m) D30  a 30 cm

Tree type (> 2m) – 1.30 m (DN)

Normal Diameter (ND)

The measurement varies according to the individual’s age 
and growth form (generally measured at 1.3 height), using 
tape measures, diameter tape or vernier.

Canopy area

Measured for shrub-like mangroves. The greatest and 
smallest diameters are measured across the mid-portion of 
the plant top, assuming an elliptical shape, to calculate the 
canopy area and volume.
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they can be transported and their low cost. 

When pneumatophore density is high (>100 

individuals), it is recommended to use 30 cm x 

30 cm quadrants.

Halophytic herbs

During the first restoration stage 

(colonization), halophytic grasses represent 

a high proportion of aboveground biomass 

(Fig. 4.11). Therefore, their inclusion 

within the methodology to quantify carbon 

stores and capture at the beginning of the 

restoration may be relevant. Unlike mature 

mangrove forests, where the quantification of 

halophytic herbs may be underestimated due 

to their low abundance, restoration sites allow 

for determining their contribution to the 

Figure 4.10. Measurement and sample collection of pneumatophores of Avicennia germinans for biomass estimates.

Measure in a 1 m2 quadrant
- Pneumatophore density
- In a sample of 20-40 individuals, height and diameter

Height
*measured from the base.

Diameter

Collect 50-100 pneumatophores from outside the plot 
to estimate biomass using allometric equations. 

*Only in the first sampling time.

system in terms of organic matter and carbon. 

Data collection for this component is useful 

to understand their role within succession 

processes in mangrove forest restoration 

and their contribution to the carbon capture 

of the system, as halophytic herbs may be 

considered invasive species. However, it is 

important to mention that this component 

is not considered for emission reduction 

reports because of its low contribution over 

time (Kauffman et al., 2013). 
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For measuring halophytic herbs, at least three 

subplots of 20 cm x 20 cm, 50 cm x 50 cm, 

or up to 1 m x 1 m are suitable, according to 

their abundance. All the herbaceous plants in 

each subplot shall be collected and transport-

ed to the laboratory for subsequent analysis 

(Section 4.2). Replicates will allow for cal-

culating the mean and standard deviation of 

this component per plot.

Figure 4.11. Different covertures of halophytic grasses during restoration. A) Colonization stage; B) Early establishment stage; 
and C) Structural development. Celestun, Yucatan, Mexico.

A CB

4.1.2 Belowground Biomass 

Roots

Roots can comprise 5% to 25% of the total 

belowground carbon in mangrove forests 

(Howard et al., 2014). Roots can be divided 

into fine roots (<2 mm in diameter), which 

serve for the absorption of water and 

nutrients, and thick roots (>2 mm), which 

serve for transport and as support structures 

(Gleason and Ewel, 2002). Although it could 

be thought that roots contribute a non-

significant proportion during the early 

restoration stages, the seedlings and juveniles 

of species of the genera Avicennia and 

Laguncularia develop highly complex root 

systems that contribute a large proportion 

of belowground biomass. In restored three-

year-old mangrove forests in Kenya, roots 

>3 mm account for 65%–95% of total root 

biomass. Roots shall be measured during 

the early establishment stage when there is a 

higher abundance of seedlings and juveniles. 

The highest root density is found in the 

upper 45 cm depth (Adame et al., 2017). 

To reduce the uncertainty in root carbon 

estimates, it is recommended to consider 

fine (<2 mm) and thick (>2 mm) roots and 

use allometric species-specific equations 

for roots whenever possible (Adame et al., 

2017). However, since the use of equations 

developed based on other sites has been 

found to overestimate root biomass content 

from 40% to 1000% (Adame et al., 2017), it is 

recommended to make direct measurements 

by collecting samples with corers (Fig. 4.12) 

(for further details, refer to Hernández-

Saavedra, 2011, and Adame et al., 2014).
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Figure 4.12. Core extraction for estimating living belowground biomass.

Core extraction: 10 cm in diameter, 35 cm in length.

Samples are labeled and transported 
in refrigeration to the laboratory.

1 32

4.1.3 Deadwood

Standing and downed deadwood

Dead biomass is a component that may 

represent a significant proportion at the 

beginning of the restoration, when the site 

has been degraded by hydrometeorological 

effects such as hurricanes or anthropic 

actions such as changes in land use. As part 

of the restoration actions, stumps can be 

removed from canals to facilitate water 

flow. However, this type of organic matter 

shall always be left within the site, so it can 

continue its decomposition process and 

contribute to the local carbon stocks. The 

quantification of this component will depend 

on the particular conditions and objectives of 

each project. Standing deadwood can display 

different degrees of decomposition, which 

shall be considered for biomass and carbon 

estimates. Generally, downed deadwood is 

sampled using the line-intersect  method (Fig. 

4.13). Further details on methodologies are 

provided in Waddell (2002), Baker and Chao 

(2009), Kauffman et al. (2013), Howard et al. 

(2014), and Cifuentes et al. (2018).
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Figure 4.13. Different settings in degraded mangroves in the Yucatan Peninsula, Mexico. A) Flooded with downed deadwood 
mainly, Yucalpeten, Yucatan, Mexico; B) standing stumps and downed deadwood, Celestun, Yucatan, Mexico; C) standing 
deadwood mainly, Celestun, Yucatan, Mexico; D) representation of the line intersect method (12 m long and 2 m high) used to 
measure downed wood. Modified from Kauffman et al. (2013).

A B C

D

Standing deadwood
Height and ND are measured considering the structural integrity of stumps to 
estimate biomass according to the proper allometric equations.

Downed deadwood
Sampling through the line-intersect method, which considers downed or shed 
woody structures larger than 2.5 centimeters in diameter.

4.1.4 Litter

Litter refers to dead organic material lying 

on the soil surface, including dead leaves, 

flowers, fruits, propagules, pieces of bark, and 

deadwood <2.5 cm in diameter (Kauffman et 

al., 2013; Howard et al., 2014; Cifuentes et al., 

2018; Rodríguez et al., 2018). This component 

is absent during the early restoration 

stages; however, it can be integrated once 

the site under restoration has reached the 

structural development stage and shows a 

higher proportion of adult trees. For litter 

quantification, at least three 20 cm x 20 cm 

quadrants shall be established to calculate the 

mean and standard deviation per plot, and 

all the litter within the plot shall be collected 

(Fig. 4.14). The sample collected shallbe 

transported to the laboratory in an airtight bag 

for subsequent analysis and biomass estimates 

(Section 4.2
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Figure 4.14. Litter sampling and analysis.

1

2

3

Quadrant

Set a 20 X 20 cm 
quadrant.

Samples

Collect all the organic 
matter within the quadrant.

Separation of 
components for 

laboratory analyses.

4.1.5 Organic Carbon in Soil

Carbon in Soil 

Soil is the most critical carbon reservoir in 

blue carbon ecosystems, including mangrove 

forests. Therefore, its measurement is crucial 

for quantifying carbon sequestration  in sites 

under restoration. Although the rate of carbon 

accumulation in the soil is very slow compared 

to biomass, it shall be considered from the 

beginning of the restoration, both at the site 

under restoration and at the reference sites. Its 

measurement provides deeper understanding 

of carbon sequestration associated with the 

restoration process (Chen et al., 2018). The core 

extraction and the collection of subsamples are 

carried out according to Figure 4.15.
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1 2

3

4

Use of specialized 
stainless-steel or 

PVC corers

Recommended 
depth 1 m

• Extraction of the core from sites free from 
living structures of deposited materials.

• Care should be taken to avoid compacting 
the sediment.

Measurement of the total core length

Measurement of intervals

Collection of subsamples from 
each interval

Figure 4.15. Methodology for the extraction of the soil core and sample collection for estimating soil organic carbon.

The core must be sampled at different depth 

intervals (Fig. 4.16). In mangrove forests, 

unlike other forests, carbon content decreases 

more gradually with depth, allowing the 

quantification of carbon content using 

subsamples from each interval (Kauffman et 

al., 2013). Subsamples shall be collected at 

5–15 cm from the middle part of the interval, 

depending on the thickness of the interval, 

and transported in sealed bags in refrigeration 

to the laboratory for analyses (Howard et al., 

2014; Kauffman et al., 2013).
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Figure 4.16. Soil profile and intervals for the collection of subsamples for the quantification of organic carbon according to 
Kauffman et al. (2011) and Donato et al. (2011).

Horizon Marker

The changes in elevation of the sediment 

surface at the site under restoration and carbon 

density in sediment allow for determining 

carbon sequestration in soil by accretion from 

the recovery of plant structure (Cahoon and 

Lynch, 1997; Howe et al., 2009; Rogers et al., 

2012). Horizon markers are artificial layers 

of an inert material that allow for measuring 

soil accretion over time from a reference 

level. The materials used as markers include 

feldspar (an inert white material that is 

easily distinguished from sediment), which is 

deposited in floodplains for being denser than 

water (Lynch et al., 2014). It takes at least six 

months for felspar to be covered by sediment 

and one year to be suitable for sampling 

(Whelan et al., 2016); therefore, it shall be 

placed from the early restoration stages (Fig. 

4.17). The respective reference horizon can 

provide additional information of interest for 

research purposes, in this case, related to the 

accretion resulting from restoration (Cahoon 

et al., 2002; Howard et al., 2014).
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Figure 4.17. Illustration of the feldspar marker method and methodology for measuring soil accretion in a mangrove forest. 
Design: Diana Cisneros de la Cruz, Illustration: Alberto Guerra.

1 2

3

Time 1 Time 2 Time 3

Placement of a 2 mm-thick layer of the inert 
material (felspar)Delineation and cleaning of the 20 x 20 cm quadrant
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4.2  ESTIMATING BIOMASS AND ORGANIC 
CARBON 

Once the fieldwork described in Section 4.1 

has been carried out, organic-matter biomass 

shall be estimated to obtain the organic carbon 

content of biomass components (above- and 

belowground) and necromass (deadwood and 

litter) and soil.

Biomass and organic carbon are estimated by 

direct measurement in the laboratory from 

samples collected in the field (e.g., litter, roots, 

soil) using allometric equations developed 

with structure data measured in the field 

(aboveground biomass) (Fig. 4.18). Once the 

carbon content of the different compartments 

(biomass, necromass, and soil) has been 

established, they are added to determine the 

total carbon content per unit area (Mg C ha-1).

Figure 4.18. Workflow diagram for estimating organic carbon in the different components of mangrove forests under 
restoration. Prepared by Andrés Canul and Diana Cisneros de la Cruz.

Next, the methodologies for estimating biomass 

and organic carbon in living biomass (above- 

and belowground biomass) and necromass 

(litter, deadwood) and soil are described below.
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4.2.1 LIVING BIOMASS AND NECROMASS

4.2.1.1 Estimating Biomass  

Estimating Biomass in the Laboratory

To estimate biomass in the laboratory, 

the samples collected of each component 

(seedlings, roots, juveniles, litter, 

downed deadwood, halophytic herbs, and 

pneumatophores) shall be oven-dried at 60 

°C for 48 to 72 hours to constant weight; the 

dry weight obtained will be equivalent to 

biomass. In the case of seedlings, juveniles, 

and pneumatophores, the biomass value shall 

be recorded by individual, species, and plot. 

For halophytic herbs and litter, the biomass 

value for the subplot sampled shall be used as 

appropriate. For roots collected with the corer, 

the material shall be previously sieved through 

a 1 mm mesh and washed to separate the roots 

before oven-drying, considering both fine 

(<2 mm) and thick (> 2mm) roots, according 

to Adame et al. (2017). Whenever possible, 

allometric equations for underground roots 

shall be used, taking particular care to use 

the correct formulas to minimize biomass 

overestimates; in sites with low tree density, 

formulas may be corrected according to 

Adame et al. (2017)

In the case of seedlings, juveniles, 

pneumatophores, and herbs, biomass is 

estimated only at the beginning of the 

restoration project. This information will be 

used to prepare the databases to construct the 

respective allometric equations (Fig. 4.19).

Species Height (cm) Dry weight (g)

L. racemosa 19.2 0.3

L. racemosa 25.5 1.5

L. racemosa 36 2.2

L. racemosa 22 0.3

L. racemosa 13.2 0.3

L. racemosa 27 1.3

L. racemosa 42.5 1.7

R. mangle 26.2 5.5

R. mangle 10 10.9

R. mangle 22 9.1

R. mangle 35 16.4

R. mangle 15 6.9

R. mangle 18 13.8

A. germinans 20 1

A. germinans 31 0.9

A. germinans 30.1 0.6

A. germinans 27.3 0.6

A. germinans 26 0.5

A. germinans 40 14.1

Figure 4.19. Example of a seedling biomass capture 
database (Teutli-Hernández, 2017).
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Estimating Biomass with Allometric 
Equations 

Allometric equations describe the relationship 

between variables such as height, stem 

diameter, wood density, and total biomass of 

the whole individual or part of it, the latter to 

avoid destructive sampling (Picar et al., 2012).

Allometric equations shall be constructed to 

estimate the biomass of seedlings and juveniles. 

For seedlings and juveniles, a regression analysis 

shall be carried out with the weights previously 

obtained to determine the weight-diameter 

relationship and the allometric equation, as 

shown in Figure 4.20.

Subsequently, from the relationships obtained 

for seedlings and juveniles by species, the 

equation obtained from field data is applied. 

Table 4.2 shows equations for seedlings 

with a Dmax of 2.5 cm in a mangrove forest 

characterized by high salinities (> 40 g kg-1) 

and water supply from rainfall in the Yucatan 

Peninsula, Mexico. 

Figure  4.20. Example of the relationship between biomass and height of Laguncularia racemosa including all cohorts (Teutli-
Hernández, 2017).

Tabla 4.2. Allometric equations developed for mangrove seedlings in Progreso, Yucatan, Mexico.

Species Equation
Meaning of 

letters in the 
equation

Reference

R. mangle B=0.3026 (D) - 6.032 D= Diameter

Zenteno, et al., 2016A. germinans B=0.1017 (D) - 1.1765 D= Diameter

L. racemosa B=0.9256 (D) - 1.671 D= Diameter
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For adult trees, biomass is calculated using 

general or specific allometric equations that 

have already been developed. Preferably, the 

equations selected shall be species-specific, 

and the same equation shall be used for all 

individuals of a given species throughout the 

project. The general equations include the 

aboveground biomass of all individuals. For 

particular species, the equation calculates wood 

biomass and does not include leaves or roots. 

These equations use variables such as height, 

wood density, and diameter recorded in the 

field (Section 4.1). It is also critical to consider 

the maximum diameter from which the 

equation was derived. Applying the equation 

to trees exceeding the maximum diameter 

(Dmáx) can lead to statistically significant 

biomass overestimates. When data are scarce, 

general allometric equations can be applied 

for mangrove forests, but the uncertainty will 

be relatively high (Howard et al., 2014). A 

compendium of allometric equations for adult 

mangrove trees can be found in Kauffman et 

al. (2013), Howard et al. (2014), and Cifuentes 

et al. (2018). Since equations are species-

specific, it is recommended to use equations 

developed for the region under monitoring 

(Chave et al., 2005; Howard et al., 2014).

4.2.1.2 Estimating Organic Carbon 

To determine organic carbon from the biomass 

estimated in Section 4.2.1.1 (living biomass and 

necromass stores), the biomass corresponding 

to living biomass or necromass is multiplied by 

the respective carbon conversion factor (Table 

4.3). This factor represents the organic carbon 

fraction contained in the biomass of each 

component. For example, if living aboveground 

wood was determined to be 45% carbon, 

the carbon conversion factor is 0.45. The 

carbon conversion factor can be determined 

in the laboratory, either with an elemental 

autoanalyzer (Fig. 4.21) or based on the % 

loss on ignition (% LOI) method; alternatively, 

published specific carbon conversion factors 

for each species and component can be used 

(Howard et al., 2014).

Table 4.3. Conversion factors to calculate the percentage of organic carbon in biomass of the different components in mangrove 
forests. Source: Howard et al. (2014).

Component Conversion Factor

Living aboveground biomass

Seedlings 0.45 – 0.5

Juvenile and adult trees 0.46 – 0.5

Pneumatophores 0.39

Necromass
Leaf litter 0.45

Standing or downed deadwood 0.5

Living belowground biomass Roots 0.39
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Figure 4.21. Sample processing in the autoanalyzer. For further details, refer to Rodríguez et al., 2018.

Each sample shall be ground 
to a fine powder

Sample weight

Measuring Corg (%) in the 
autoanalizer

Encapsulating in tin capsules

1 2

43
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Corg can be calculated from the biomass of each 

individual or the   sum of all individuals in a 

subplot (step 1, Fig. 4.22). The sum of Corg of 

all the individuals in a plot allows indicates the 

total carbon content of the component per 

subplot or plot (g C), as needed; dividing this 

value by plot size (m2) gives the total carbon 

content by component in a given area (g C 

m-2; step 2, Fig. 4.22). The result shall always 

be expressed in Mg C ha-1, which are the units 

used to report carbon stocks (step 3, Fig. 

4.22). If the component has been measured 

in subplots (for example, seedlings, juveniles, 

litter, etc.), the carbon content per component 

per plot will be the mean carbon content per 

component in the subplots (step 4, Fig. 4.22).

1

2

3

4

Repeat for plots and subplots (according to each component)

STEP EXAMPLE

Figure 4.22. Example of the estimation of biomass organic carbon by component.
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4.2.2 Organic Carbon in Soil

The subsamples of soil cores collected 

in restoration and reference sites are 

characterized in the laboratory. The % Corg 

of the subsample of each interval per core 

is estimated according to the methodology 

illustrated in Figure 4.23

Figure 4.23. Quantification of Corg in soil. Samples are analyzed separately by interval. For further details, refer to Howard  
et al. (2014) and Rodríguez et al. (2018).

To calculate the total carbon content of the 

soil in the restoration area in addition to 

the Corg of soil, the bulk density (BD) shall 

be obtained, calculated as the coefficient 

between dry weight (g) and sediment volume 

(cm3) collected at each interval. Figure 4.24 

describes the steps to estimate soil organic 

carbon according to Howard et al. (2014).

If soil accretion was estimated, the carbon 

content associated with this change should be 

included. In case of accretion, the increase in 

ground level shall be multiplied by the carbon 

density of the upper layer corresponding to 

accretion and extrapolated to hectares; the 

resulting value shall be added to the total 

carbon stock (Howard et al., 2014). For 

example, accretion during three years = 3.1 

cm, carbon density in the upper 10 cm-layer 

= 1.06 g cm-3, amount of carbon related to 

accretion = 3.1 cm * 1.056 g cm-3 = 3.27g C 

cm-2 = 327 Mg ha-1. This result shall be added 

to the total soil carbon stock. If the area was 

affected by erosion, a one-meter core at t2 will 

Subsamples of each core 
interval are placed in previously 

labeled trays and remains of 
bark, branches, leaves, stems, 

etc., are removed.

Subsamples are oven-dried at 
60 °C (48–72 hr) to obtain 

dry weight.

Each subsample is ground and 
sieved to obtain a fine powder.

1 2 3

Estimating carbon content (%):

• Elements autoanalyzer

• Loss-on-ignition (LOI) method

* In soils with evidence of carbonates, correct by measuring inorganic carbon (Ci) and substract it from 
total carbon or acidify the sample.
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go deeper than the sample obtained at t1, and 

the new surface that was previously buried 

will now be exposed to the action of air and 

water. In this case, the change in soil carbon 

at t2 is calculated by assessing the carbon 

content at the overlaid depth. For example, 

if soil erosion over ten years was -5.2 cm, the 

1 m corer reached -5.2 cm deeper in t2 than 

in t1; therefore, the bottom 5.2 cm-layer shall 

be excluded to determine the change. The 

carbon contained in those 5.2 cm is calculated 

according to the steps in Figure 4.24 and is 

subtracted from the total carbon content in 

the core.

Figure 4.24. Steps for estimating soil organic carbon in a core sample.

Repeat for each core

STEP EXAMPLE

1

2

3

4

Repeat for each sampled interval

4.3  ESTIMATING CARBON STOCKS AND 
CAPTURE IN THE STUDY AREA 

4.3.1 Carbon Stocks 

Once the carbon content per component (Mg 

ha-1) has been calculated according to Section 

4.2, the total carbon stock can be estimated 

for each stratum. Total carbon (Mg ha-1) per 

stratum area will be equal to the sum of all 

components, multiplied by the area of the 

stratum (Fig. 4.25). Then, the total carbon in 

the study area can be estimated as the sum of 

carbon stock values for all the biomass types 

(living aboveground biomass, belowground 
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biomass, deadwood, litter, and soil), by stock, 

or by component (that is, seedlings, trees, 

roots, soil, etc.).

The analysis by stock or component allows 

for evaluating the carbon contributed by each 

one and its relationship with the different 

ecological processes throughout restoration. 

The level of analysis selected depends on the 

specific objectives of the project. It is essential 

to always include in the calculations the 

uncertainty associated with the quantification 

of the components and the total carbon stock 

in the area under restoration and propagate 

the respective error. 

Uncertainty and Propagation of Error

Any measurement implies uncertainty about 

the validity of the observed result. Therefore, 

uncertainty reflects the precision of the data 

and is influenced by different sources of error, 

two of the most important being measurement 

error and sample size. Therefore, the 

uncertainty analysis facilitates prioritizing 

efforts to increase the precision of inventories 

by improving the sampling design or increasing 

the number of samples, and guides decisions 

on the methodological approach.

Uncertainty can be estimated in two ways: 

using the standard deviation of the sample 

(s) or through the confidence interval (CI) 

and its maximum error of estimation (MEE), 

also known as expanded uncertainty (U). 

For carbon reports, a 95% CI is usually used, 

presented as the percentage of variation 

around the mean (Kauffman et al., 2013). 

For estimates with a high variation in s, 

bootstrap methods are recommended to 

reduce uncertainty. These methods may vary, 

so the method used by Herrera et al. (2020) is 

recommended herein.

In estimating carbon stocks, each component 

(i.e., aboveground biomass, soil, deadwood, 

etc.) has an associated uncertainty, so the total 

uncertainty shall be integrated when 

estimating total carbon (Kauffman et al., 

2013). This can be accomplished by 

propagating the error through two methods. 

The simpler method uses the propagation of 

error, as exemplified in Figure 4.25 in the sum 

of total carbon and Figure 6.2 in the calculation 

of CO2 emissions by multiplying the Emission 

Factor by Activity Data. The second method 

for error propagation is the Monte-Carlo 

method, which can be used when the data are 

correlated, the uncertainties are considerable 

(for example, above 100%), and the data 

distribution deviates significantly from 

normality (Kauffman et al., 2013). For further 

details on calculating uncertainty, refer to 

Chapter 6 and the Annex of the IPCC Good 

Practice Guidance and Uncertainty 

Management (IPCC,2000), Pearson et al. 

(2005, 2007), Kauffman et al. (2013), and 

Casanoves et al. (2017).
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also known as expanded uncertainty (U). 

For carbon reports, a 95% CI is usually used, 

presented as the percentage of variation 

around the mean (Kauffman et al., 2013). 

For estimates with a high variation in s, 

bootstrap methods are recommended to 

reduce uncertainty. These methods may vary, 

so the method used by Herrera et al. (2020) is 

recommended herein.

In estimating carbon stocks, each component 

(i.e., aboveground biomass, soil, deadwood, 

etc.) has an associated uncertainty, so the total 

uncertainty shall be integrated when 

estimating total carbon (Kauffman et al., 

2013). This can be accomplished by 

propagating the error through two methods. 

The simpler method uses the propagation of 

error, as exemplified in Figure 4.25 in the sum 

of total carbon and Figure 6.2 in the calculation 

of CO2 emissions by multiplying the Emission 

Factor by Activity Data. The second method 

for error propagation is the Monte-Carlo 

method, which can be used when the data are 

correlated, the uncertainties are considerable 

(for example, above 100%), and the data 

distribution deviates significantly from 

normality (Kauffman et al., 2013). For further 

details on calculating uncertainty, refer to 

Chapter 6 and the Annex of the IPCC Good 

Practice Guidance and Uncertainty 

Management (IPCC,2000), Pearson et al. 

(2005, 2007), Kauffman et al. (2013), and 

Casanoves et al. (2017).

Figure 4.25. Example of the calculations to estimate total carbon in the project area.

Repetir por estrato

STEP EXAMPLE

1

2

3

Repetir por componente

4
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4.3.2 Carbon Capture 

To calculate carbon capture, the carbon stored 

in each component (i.e., living biomass, 

organic carbon in soil, etc.) shall be available 

at least for two different time points; the 

difference between these carbon stock values 

will indicate the carbon captured or released. 

This estimate can be obtained for different 

levels (i.e., component, stratum, total area), 

depending on the objective of the project 

(Fig. 4.26). Measuring carbon stocks prior 

to restoration (during site characterization) 

(Teutli-Hernández et al., 2020) will produce 

a baseline reference value to determine 

carbon capture from restoration (Fig. 4.26). 

The sampling carried out during monitoring 

after the execution of restoration actions will 

be useful for estimating the carbon captured 

throughout the restoration stages.

Figure 4.26. Calculation of carbon capture by the stock-difference method.

STEP EXAMPLE

1

2
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5   
  

Spatial Analysis 

In a mangrove forest under restoration, spatial 

analysis through remote sensing supported by 

geographic information systems (GIS) is a tool 

that contributes to the planning, execution, 

and monitoring of restoration (Fig. 5.1). 

This analysis is particularly relevant given 

the technical difficulties in accessing and 

moving across when working in the mangrove 

ecosystem under restoration.

At the beginning of the project, spatial analysis 

sets the basis for: i) delimiting and defining the 

area to be restored; during restoration, for ii) 

defining strata, iii) defining random sampling 

points, iv) identifying the extent, v) scope 

of restoration actions during monitoring, 

vi) characterizing changes in the mangrove 

vegetation that was lost or impacted, and 

vii ) evaluating the outcome of restoration 

strategies by monitoring changes over time in 

terms of their spatial extent. Spatial analysis 

through remote sensing provides constant 

feedback with field data during the mapping 

process to determine changes in mangrove 

cover resulting from different activities (e.g., 

restoration, degradation) and the calculation of 

carbon capture and storage with an acceptable 

uncertainty level.

Figure 5.1 Use of remote sensing tools during carbon quantification in mangrove forests under restoration.
Design: Diana Cisneros de la Cruz. Illustration: Alberto Guerra.
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There are multiple sources of remote sensing 

information that allow gathering data from 

the different land covers: data recorded from 

low-level aircraft using aerial photographs 

(Fig. 5.2A), specialized sensors on satellites 

(Fig. 5.2C), or data captured by cameras 

mounted on an unmanned aircraft or drone 

(with georeferencing systems) (Fig. 5.2B). 

The selection of any of these alternatives 

depends on the advantages and disadvantages 

of each source of information (Table 5.1) and 

the objectives and particular resources of each 

project.

The information acquired by satellites and 

drones makes it possible to monitor the spatial 

and temporal variation of mangrove areas and 

associate the structural characteristics of the 

forest measured in the field with the spectral 

information in the visible (400–700 nm) and 

infrared (760–780 nm) regions (Walsh et 

al., 1998), which provide most information 

on continental covers (water, soil, and 

vegetation). Drones are a popular tool that can 

be used in small areas, provided they include 

a georeferencing system (Yaney-Keller, 2018). 

Drone-mounted devices involve low costs and 

minimum staff to characterize hard-to-access 

regions of interest (González et al., 2020).

Figure 5.2. Different sources of data captured remotely for land cover assessment. (A) Mangrove forest in Ixtapa, Guerrero. 
CONABIO-SEMAR (J. Díaz, 2008). Vertical aerial photographs (B) Spectral photograph in the mid-infrared region recorded by 
a drone in Sisal, 2019 (CINESTAV, Merida), and (C) Sentinel 2a satellite image of the mangrove coverage in Nichupte, 2018.

A B C

Changes in the area required to estimate 

activity data are calculated from a reference 

system assigned to the data source. A non-

referenced data source reduces the accuracy of 

the results obtained. Therefore, when the data 

source lacks the respective reference system, 

geometric corrections can be performed to 

accurately assign a coordinate to each pixel 

of the data source (Docan, 2015); these 

corrections are extensively described in the 

literature (Pala and Pons, 1995; Serra, Pons, 

and Saurí, 2001).
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Table 5.1. Main advantages and disadvantages of the different information sources for monitoring vegetation coverage. A) 
Spatial resolution; B) temporal resolution; C) spectral resolution; D) costs; E) availability. Elaboration: Juan Mendoza Martínez.

Type of information Advantages Disadvantages

Aerial photographs

A) Moderate resolution (1–5 m) B) Poor/nil temporal 
resolution

C) No spectral information, 
photographs (RGB)

D) Expensive (flight 
schedule)

E) Limited availability

Multispectral photographs 
(drone)

A) Good resolution (0.02–1 m)

B) Regular monitoring, limited by 
weather conditions.

C) Good spectral resolution  
(3 to 5 bands)

D) Affordable (cost per m2)

E) Limited only by weather 
conditions and type of 
drone

Multispectral images 
(satellite)

B) Good temporal resolution  
(8–15 days)

C) Good spectral resolution  
(3 to 7 bands)

E) Broadly available  
(8 to 50 years of data)

A) Moderate to good 
resolution (0.5–5 m)

D) Moderately expensive 
(US$ 30/km2)

The spatial analysis of the site under 

restoration yields IPCC “activity data” (IPCC, 

2006; Chapter 4); that is, estimates of the areas 

with different types of vegetation cover and 

land uses and their variability over time in the 

study area (Howard et al., 2014). Activity data 

are expressed in hectares and are essential 

for estimating carbon emissions and capture 

(CO2) in the system.   Thus, emissions are the 

combination of the amount of carbon that 

changes over time (losses or gains) per unit 

area (Mg C ha-1) and the extent of the area 

where that carbon changes (hectares).

The analysis of the spatial evolution of a 

mangrove makes it possible to associate 

the factors that led to the degradation or 

deforestation (e.g., road construction, fires, 

logging) and quantify the areas being recovered 

after restoration activities or from natural 

regeneration without human intervention. 

On the site to be restored, activity data starts 
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with the characterization of the mangrove 

forest in the study area (e.g., initial extent of 

disturbed mangrove forest at the beginning of 

the project), determining the extension of the 

mangrove forest under different states (e.g., 

degraded, well-conserved, etc.) in the project 

area, within the strata defined according to 

the restoration geometry (Section 3.3). Once 

the restoration actions have been carried out, 

the direction and magnitude of the change 

in mangrove coverage or categories shall 

be analyzed to estimate the mangrove area 

either restored or lost due to natural causes 

(e.g., hurricanes, storms) or from anthropic 

activities (e.g., logging, road construction).

Methodological Process for Image Analysis

Once the information has been obtained, 

the image-analysis process for the initial 

characterization and subsequent monitoring 

of restoration activities, changes, and 

mangrove cover over time consists of three 

basic elements:

1. Data Preparation and Preprocessing

Pretreatment of images to standardize their 

geographic coordinates and atmospheric 

and topographic interferences, in the 

case of satellite data. Once the images 

to be used have been corrected, the 

study area is stratified according to 

similar characteristics (e.g., degree of 

degradation, restoration stage, areas 

affected by deforestation, and others). 

It is essential to structure landscape 

variability into strata (Section 3.4.1) to 

characterize the land-use dynamics and 

changes in vegetation cover as a function 

of restoration (stratified sampling). The 

strata defined for measuring carbon and its 

changes in the area shall be designed so as 

to achieve consistency between the strata 

selected to estimate changes in carbon 

for monitoring restoration (according to 

Section 4) and those designated in remote 

sensing. Thus, the strata set in remote 

sensing will include data from carbon 

stocks and their variation through time 

(monitoring) during restoration. Different 

methods for the automated or assisted 

definition of strata are widely reported 

in the literature. The main methods for 

land-cover stratification, highlighting their 

key advantages and disadvantages within 

the framework of the present manual, are 

described in Figure 5.3.
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Figure 5.3. Grouping methods used for land-cover stratification and interpretation. For further information, refer to Chuvieco 
(1996). Design by Juan Mendoza Martínez.

Stratification methods for geospatial data sources

There are different methods for the stratification of land covers: methods based on iterations 
and probabilities such as non-supervised classifications (NSC) and assisted methods with actual 
field data such as supervised classifications (SC). The resulting classes and/or categories shall 
always be verified with field data (field validations) or information other than the one used 
for the NSC or SC process, to identify stratum classification errors during the final mapping 
process.

Widely used when neither field information nor 
previous data are available for a site. The data 
interpreter does not decide on the classes grouped in 
the map; instead, the system automatically clusters 
those pixels with closest spectral similarity and selects 
the optimum number according to the variability in the 
image (Richards and Richards, 1999).

Algorithms:

-ISODATA  -K-means  -C-means

When there is information on the site (analytical 
experience, data, etc.), SC facilitates the interpretation 
of pixels in the image and supports arranging pixels 
into discrete categories of interest for restoration, with 
no need to run an NSC process. In this method, the 
interpreter’s experience is key for training the system 
by using areas for allocating strata of interest.

Algorithms:

-Maxlikehood    -Random Forest       -SVM

Non-Supervised Classification (NSC)

Supervised Classification (SC)

Training 
interpretation 

image

Real 
World

Real 
World

Class

Real 
World

Class

Raster

Vector
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2. Selection of the Categories to Evaluate 
During the Restoration Process

The categories interpreted through 

supervised classification (SC) in each 

stratum shall be reinterpreted based 

on the information gathered from the 

characterization sites, sample plots, or 

drone flights. The reinterpretation of 

the results on non-supervised (NSC) or 

supervised (SC) classification through 

algorithms (Chuvieco, 1991; Stromann 

et al., 2020; Xiong et al., 2017) will allow 

setting categories to evaluate the direction 

and magnitude of the changes in cover 

at two different times. It is essential to 

maintain the smallest number of categories 

possible, and these shall be identified at 

both time points to assess the direction 

of land-use changes. The definition of 

strata according to the baseline state and 

the expected change from the restoration 

actions will allow for estimating the 

different rates of change in carbon 

stocks according to the stratum and the 

magnitude and direction of the change. 

Table 5.2 shows five categories to define 

the direction of the change in land cover.

The categories Healthy mature mangrove 

forest, Degraded mangrove forest, and 

Area without vegetation represent the 

baseline conditions at the beginning of 

the restoration project, while Restored 

mangrove forest and A-posteriori 

degraded mangrove forest correspond to 

the conditions at a later time after the 

restoration measures implemented on  

the site.

Mapped categories Direction of the change Magnitude of the change

Healthy mature mangrove forest1

Losses/Gains
Extension of the different

strata (ha) ± U

A-posteriori degraded mangrove forest2

Degraded mangrove forest1

Restored mangrove forest2

Area without vegetation1

Table 5.2. Minimum categories required to evaluate change in restored mangrove areas focused on estimating activity data 
and activity-related emissions following the IPCC (2006) protocols. 1) Typologies obtained at the beginning of the project; 2) 
typologies obtained from monitoring after restoration actions.
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3. Definition of Sampling Units and  
Sample Size

Once the categories have been delimited by 

remote sensing, sampling points are defined 

in the field with two purposes: reinterpret 

the landscape categories defined by NSC/

SC and associate the variation in carbon 

stocks within each stratum. To this end, 

two sampling units of the same size are 

defined and homogeneously distributed 

over each category (Fig. 5.4): 

a) Sites for classification: They are 

temporary geographic field locations 

where the categories defined through NSC 

or SC will be interpreted, as appropriate, 

in apparent landscape elements (e.g., area 

without vegetation, restored mangrove 

forest, etc.). To this end, temporary plots 

are set in the field for data collection on tree 

canopy cover, tree height, number of trees, 

species, dominant ecological type, and 

dominant condition of the vegetation. This 

will allow for confirming the consistency 

between the defined categories and field 

observations. A database is built with field 

data to be associated with each pixel within 

a GIS or with the categories in the image 

and provide feedback on the SC mapping 

process and estimate the map uncertainty.

Figure 5.4. Example of verification sites and sample plots on a NSC of an area dominated by mangrove forests in Nichupte. 
Photographs: Primary Production Laboratory, CINVESTAV, Merida. Design by Juan Mendoza Martínez.
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In addition, when using a drone, flights 

with systematic scanning or panoramic 

views of the area of interest can be 

scheduled (Fig. 5.5). A drone flight can 

cover between 1 and 5 hectares in a single 

scanning event (depending on the drone’s 

specifications). The information collected 

is essential for the reinterpretation of 

mangrove cover using assisted methods 

or monitoring specific areas as part of 

the continuous monitoring of restored 

mangrove vegetation.

While drones facilitate monitoring 

landscapes of highly complex matrices, 

these devices do not necessarily have to 

replace satellite imagery. Drone data are 

recommended to calibrate satellite data 

and extrapolate the analysis to larger areas. 

Proper verification including as many sites 

as possible ensures greater accuracy of the 

final map.

Figure 5.5. Use of satellite images (left) and drone images (right). (A) Satellite image of Cienega de Progreso captured in 2009. 
(B) Drone image of Cienega de Progreso captured in 2019. (C) Satellite image of Playon Sian Ka’an captured in 2009. (D) 
Drone image of Playon Sian Ka’an captured in 2019. Photographs: Primary Production Laboratory, CINVESTAV, Merida.

A B

C D

b) Carbon evaluation plots: The permanent 
field plots sampled during monitoring 
are used to determine mangrove 
structural variables and evaluate above- 
and belowground and sediment carbon 
stocks (Section 4). Average values of the 
structural characteristics of the mangrove 
forest can be correlated with the spectral 

information in each pixel or for each 
category in the final map. Therefore, to the 
extent possible, it is recommended that the 
minimum plot size be similar to or larger 
than the spatial resolution of the image 
used; for example, for a 5 m resolution, the 
plot shall be at least 5 m2.
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Estimating the Map Uncertainty 

The evaluation of the map uncertainty is a 

post-classification process that consists of 

comparing the mapped categorical information 

with information considered highly reliable, 

ideally recorded in the field (Congalton and 

Green, 1993) (e.g., validating whether the area 

classified as degraded mangrove forest in the 

map is consistent with the area of degraded 

mangrove recorded in the field). The reference 

information used for calculating mapping errors 

can be obtained from a random selection of field-

characterized sites or from the visual analysis of 

new verification points on more detailed images 

(better resolution) than those used for building 

the map, such as georeferenced drone images or 

high-resolution satellite images.

A method used for evaluating the reliability of 

thematic maps in percentage terms is a confusion 

matrix (Fig. 5.6). In this matrix, rows generally 

represent reference categories while columns 

represent mapped categories. Therefore, the 

diagonal expresses the percentage to which 

each category in the map is consistent with 

the reference data (reliability). Marginal data 

indicate classification errors, which include 

two types: omission errors, which indicate 

actual categories that were not included in the 

categories mapped, and commission errors, 

when the mapped categories do not match the 

reality (Congalton and Green, 1993; Chuvieco, 

1996). The data provided in a confusion matrix 

are pixels and, therefore, can be transformed into 

error areas (for example, hectares misclassified 

by commission or omission).

Figure 5.6. Example of a confusion matrix to assess the global reliability and by class of thematic maps, considering the minimum 
categories proposed in this manual. Elaboration by Juan Mendoza Martínez.
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Analysis of Changes in Coverage (Estimation of 
Activity Data) 

Change detection methods produce 

information on the vegetation cover dynamics 

based on the analysis of maps or images of 

a given area captured on different dates to 

minimize the effects of factors external to the 

change (Eastman et al., 1994). The change 

dynamics can be analyzed under two different 

approaches: continuously, from original 

images or data derived from them (spectral 

indices), by applying techniques suitable for 

interval variables (e.g., differences, regression, 

principal components, etc.) or categorically, 

by comparing previously classified images 

using crosstables. 

The monitoring of mangrove forests in the 

area under recovery can be estimated from the 

spatial crossing of the categories determined 

in t0 and t1 (Table 5.2). Both the magnitude 

(proportion of change) and the direction 

(degradation or restoration) of the change 

are given by the marginal classes outside 

the diagonal and the unchanged areas on 

the diagonal of the crosstable (Fig. 5.7). The 

spatial agreement between the two images 

(e.g., t0 and t1) is critical to ensure certainty 

in the change map. These crosstables are 

expressed in pixels and, therefore, can be 

transformed into area (e.g., hectares) that 

remains unchanged (although carbon stocks 

can always change due to forest growth and 

expansion) and areas that change of category 

(e.g., from degraded to restored, from healthy 

to degraded, etc.). There will also be changes 

in category that are not observed between t0 

and t1 but which may occur subsequently, 

and categories that cannot happen (e.g., from 

healthy to restored).

The uncertainties associated with changes 

in area are essential for estimating emission 

errors; these uncertainties can be calculated as 

the sum of the areas misclassified by omission 

and commission. In this way, the area of 

change in a transition will be the area correctly 

classified ± the area misclassified by omission 

and commission (Fig. 5.6). Like all other 

errors, this error will have to be propagated by 

adding other areas or multiplying it by changes 

in carbon stocks when estimating emissions 

(Fig. 4.25).

Figure 5.7. Example of a crosstable to evaluate changes in 
cover on two different dates. * Categories with the most 
obvious magnitudes of change. Design by Juan Mendoza 
Martínez.

From the previous discussion, Figure 5.8 

shows an example of the methodological 

process for estimating the cover changes in 

a mangrove restoration area in Dzilam de 

Bravo, Yucatan. With this approximation, the 

dynamics between the categories classified on 

both time points can be observed by recording 

their trajectories (“Healthy mature mangrove 

forest” > “Degraded mangrove forest” > “Area 

without vegetation”). In this example, the 
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restored zones (t1) account for the recovery 

of 59% of the mangrove cover under three 

different health conditions (healthy mature, 

restored, and degraded) over 23.11 ha. The 

shift from a degraded to a conserved state 

means a decrease in the emission rates from 

degraded zones at t0. Conversely, degraded 

and deforested areas (6.8%) classified 

as A-posteriori degraded mangrove forests 

would indicate carbon emissions, while the 

unchanged areas represented 33%.

Figure 5.8. Example of the methodological process to estimate cover changes in a mangrove forest restoration area in Dzilam 
de Bravo, Yucatan. Design by Juan Mendoza Martínez.

2009 2019



66

CINVESTAV-IPN   •   CIFOR   •   UNAM-Sisal   •   PMC

6   
  

Report of GHG      
         Emissions (CO2 and   
        Non-CO2)

Mangrove forests are key elements of the 

national strategies seeking adaptation and 

mitigation of climate change because of the 

ecosystem services they provide (adaptation) 

and their carbon capture potential 

(mitigation). However, this chapter will 

not focus on estimating the capacity of the 

restored mangrove forest to mitigate climate 

change since this requires defining and 

explaining the concepts of forest baselines 

and reference levels.

This chapter will focus exclusively on 

explaining how to report GHGs from the 

restored mangrove system through carbon 

storage in above- and belowground biomass, 

necromass, and soil organic carbon. The GHG 

report is always expressed as a quantity of gas 

per unit area and unit of time (for example, 

Mg CO2e ha-1 year-1). Mangrove forests, like 

any flooded wetland, produce three types 

of GHGs: carbon dioxide (CO2), methane 

(CH4), and nitrous oxide (N2O). Estimating 

GHG emissions or capture in mangrove 

forests under restoration requires at least two 

measurements over time.

Estimating the amount of any gas requires 

multiplicating two variables: Activity Data 

and Emission Factors (Fig. 6.1). Estimates of 

GHG emissions or capture can be reported 

per hectare for each designated stratum. 

However, emissions for the total area under 

restoration shall be reported as the sum of all 

designated strata (Fig. 6.2).

Figure. 6.1. Estimation of GHG emissions from activity data and emission factors. Design by Diana Cisneros de la Cruz.

Sum of strata 1, 2, 3...

ACTIVITY DATA EMISSION FACTORS GHG EMISSION

Change in the land cover or 
use área beween t1 and t2, 

expressed in hectares.

(e. g., hectares that are 
conserved, deforested, degraded, 

restored)

Changes in the carbon 
stock between t1 and t2 
from human activities or 

an environmental variable, 
expressed as MgC ha-1.

GHG emitted or absorbed 
in a given area between t2 

and t1 (Mg GHG).
X =
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Report of CO2 Emissions

CO2 emissions are derived from changes in 

carbon stocks in the restored system (Emission 

Factors) over time analyzed as changes in 

biomass, necromass, and soil carbon content 

at two time points (at least two monitoring 

events) for each stratum of interest identified 

in the spatial analysis (Activity Data).

Emissions of both captured and emitted carbon 

are reported as Carbon Dioxide equivalent 

(CO2e)

Figure 6.2. Example of the estimation of CO2 emissions for the total area under restoration and error propagation.

STEP EXAMPLE

1

2

3



68

CINVESTAV-IPN   •   CIFOR   •   UNAM-Sisal   •   PMC

Estimating CO2 in the study area requires:

1. Estimating changes in carbon 
stocks (Section 4): Representation 
of carbon capture or emission by 
stratum (Emission Factor, Mg C ha-1 
± Uncertainty / Error) 

Biomass is transformed into carbon weight 

by applying the conversion factors shown in 

Table 4.3 (e.g., Mg C ha-1). Carbon in soil is 

given as carbon weight (after transforming 

carbon content (%) into weight, as 

explained in Section 4.2.2). The carbon 

weights of the different components are 

added up to calculate the total carbon for 

each measurement (Section 4.3.1), and 

the change in carbon stocks is estimated 

as either capture or emission for each 

stratum according to Section 4.3.2.

2. Conversion of organic carbon 
captured into CO2 (Mg CO2 ha-1 ± 
Uncertainty / Error)

Organic carbon (C) is converted into CO2 by 

multiplying by the molecular weight of CO2: 

44/12.

If the restored mangrove system has gained 

carbon between t1 and t2 (monitoring 

1, monitoring 2), the amount of CO2 

corresponding to this carbon increase is 

reported with a negative sign since it represents 

a capture (negative emission) of CO2 into 

the atmosphere. If the system has released 

carbon between t1 and t2, the amount of CO2 

corresponding to this carbon loss is reported 

with a positive sign as it represents a positive 

emission into the atmosphere.

3. Activity Data (ha) (Section 5)

4. Estimating Equivalent CO2 Emissions 
(Mg CO2e ha-1)

CH4 and N2O are GHG with greater capacities 

to retain heat in the atmosphere than CO2. 

For this reason, when working with GHGs 

in ecosystems such as wetlands that not only 

produce CO2, CO2-equivalent (CO2e) units are 

used. That is, the heat retention capacities of 

the other gases are transformed in relation to 

CO2. These units are calculated by multiplying 

the emitted Mg CH4 and Mg N2O by their 

respective warming potential over 100 years, 

relative to CO2, and then adding the value 

obtained to the one for CO2.

1 Mg C * 44/12 (Molecular conversion factor from carbon to CO2) = 3.67 Mg CO2

1 Mg CO2 *12/44 (Molecular conversion factor from CO2 to carbon) = 0.27 Mg C
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Reporting Complexity Levels (“Tiers”)

Emission Factors are classified according to 

their reporting complexity into level 1, level 

2, and level 3 (according to the IPCC, Table 

6.1). Countries with no data on how carbon 

contents change over time in a restored area 

can use standard Emission Factors (EFs) 

provided by the IPCC in tables (level-1 

reporting). These are data that have been 

obtained for other regions and for the region 

itself, but which are not national data and 

involve unknown uncertainties (e.g., standard 

deviation associated with changes in carbon 

content). This manual proposes to work at 

level 2, which consists of obtaining the data 

through fieldwork carried out in the country, 

thus having a known uncertainty. To access 

mitigation payments, level 2 is the minimum 

level for reporting. For countries with abundant 

data on carbon stocks, the dynamics of changes 

in carbon content and their uncertainties 

can be estimated using models that link the 

five carbon stocks for the different strata 

considered (Fig. 2.1). This reporting level with 

models would be level 3. Level 3 is applicable in 

countries that have national inventory systems 

or continuous monitoring programs in which 

the stocks of the different biomass sinks are 

measured regularly (IPCC, 2013). However, 

the carbon stock-change approach requires 

measurements of each significant carbon 

stock and resources, making it unfeasible for 

application in all cases.

Warming potential of 1 Mg CO2--------------------------------1

Warming potential of 1 Mg CH4-------------------------------28

Warming potential of 1 Mg N2O-----------------------------256

In the hypothetical example above, where we have 1 Mg of each gas,

the system would emit (1 + 28 + 256) = 285 Mg CO2e.

Level Requirements Comments

1 Predetermined factors by the IPCC

• Easy-to-implement method

• Lower precision and accuracy

• Simplified ecological assumptions

• Greater margin of error (± 50% aboveground 
sinks and ± 90% carbon in soil)

Table 6.1. Assessment levels in carbon estimates according to the IPPC, 2006.
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Measuring Emissions of Other GHGs (non-CO2)

This manual provides information for 

estimating CO2 emissions through the IPCC 

method “Difference in carbon stocks” between 

two monitoring time points. However, this 

method is unsuitable for emissions of other 

important greenhouse gases (GHG) in 

wetlands, such as methane (CH4) and nitrous 

oxide (N2O). Alternatives for estimating the 

amounts of these gases in mangroves under 

restoration are outlined below.

In a healthy wetland system, CH4 emissions 

are always important, although N2O emissions 

may be insignificant. In contrast, in sites that 

are either degraded or under restoration, 

emissions of these gases may be considerable 

at the beginning of the project. The amount 

of emissions depends on salinity, moisture, 

hydrology, and land use (Cameron et al., 2019b; 

Al-Haj and Fulweiler, 2020). Nonetheless, 

studies that describe these flows under 

different scenarios are still scarce (Hernández 

and Junca-Gómez, 2020).

 Although differences in carbon stocks allow 

for the indirect estimation of CO2 emissions 

from coastal ecosystems  at two time points, 

direct flow measurement using specialized 

equipment is another appropriate method for 

measuring emissions of all gases, including 

CO2. In the field, gas emissions can be 

recorded with static chambers (fume hoods) 

that measure the flow of GHGs directly from 

the soil (Fig. 6.3A and B) (Megonigal and 

Schlesinger, 2002; Lovelock et al., 2011; Sidik 

and Lovelock, 2013). This method for gas flow 

analysis is more common for soil, although it 

could also be performed for other components 

(for example, CO2 [respiration] from logs). 

This manual suggests fume hoods for directly 

measuring methane (CH4) and nitrous oxide 

(N2O) fluxes in soil. This method provides 

sufficient certainty to include these gases in 

GHG reporting under the UNFCCC, REDD+, 

Level Requirements Comments

2 Country-specific data

• Higher accuracy and resolution.

• The data represent ecosystems and conditions 
specific to a region or a country.

3

Detailed inventory of carbon stocks 
and measurements recorded regularly 
over time or estimated through 
models

• Specific carbon data for the different stocks 
and components.

• Measurements recorded directly in the field 
or through models. 

• Requires monitoring systems in a given area

Table 6.1. Assessment levels in carbon estimates according to the IPPC, 2006. Continuation
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or voluntary carbon markets (Howard et al., 

2014). However, these methods can be overly 

expensive and inefficient for measuring blue 

carbon gases. For further information on 

statistics and methods for measuring CH4 and 

N2O in mangrove forests, refer to Hernández 

and Junca-Gómez (2020).

If it is not feasible to perform field measure-

ments using specialized equipment (fume 

hoods), it is also possible to report level-1 

emissions of CH4 and N2O through the EFs of 

the IPCC Wetlands Supplement (2013) and 

the Refinement (IPCC, 2019) of the IPCC 

guidelines (2006).

Figure 6.3. A) Gas analyzer (“fume hoods”) for CH4 (LGR-ICOS ™ GLA131-GGA) and B) CO2 measurement chamber (IRGA) 
Photographs: Julio Salas.
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7.1 FIELD LOGS

7.1.1 Biomass

Example of a field log for recording structural variables of mangrove seedlings, juveniles, and adults.
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7.1 Field	Logs	
7.1.1	Biomass	
Example	of	a	field	log	for	recording	structural	variables	of	mangrove	seedlings,	juveniles,	and	
adults.		

**	If	shrub-type	adult	trees	are	present	in	the	zone,	note	the	height	from	ground	level	to	the	

bottom	of	the	crown	and	crown	width	and	length.	

Example	of	a	field	log	for	recording	pneumatophore	measurements		

	

INSTITUTION	NAME	

State	 Yucatan	 Locality	 Celestún	 Date	 	05-25-20	

Component		 Seedlings		 Time	 	12:30	

Coordinates	

Degrees	 20.854425,	-90.391738		
Technician’s	
name	 	Silvia	Ramírez	UTM	 	

Site	 Restoration,	zone	1		 Plot	#	 	2	 Plot	size/area	 	1x1	/	1	m2	

		

#	Individuals	 15		 Dominant	species	 Rhizophora	mangle		

Flood	level		 10	cm		 Life	form	 tree	

Tag	#		 Species	 Condition	 D	1(cm)	 D	2	(cm)	 Height	(cm)	 Observations	

	3	 R.	mangle		 ok		 1	 1.1	 25		 DBH,	Vernier		

		 		 		 		 		 		 		

		 		 		 		 		 		 		

INSTITUTION	NAME	

State	 	Yucatan	 Locality	 Celestún		 Date	 	08-10-18	

Component		 	Pneumatophores	 Time	 	8:00	am	

Coordinates	 20.854425,	-90.391738			
Technician’s	
name	 		

Zone	
Restoration,	zone	

2		 Plot	#	 	3	 Plot	size	 	1	m2	

		

#	individuals	 	25	 Dominant	species	 Avicennia	germinans		

Flood	level		 10	cm		

ID	 Species	 Diameter	(cm)	 Height	(cm)	 Observations	

	1	 A. germinans	 1.1		 16	cm		 		
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7.1 Field	Logs	
7.1.1	Biomass	
Example	of	a	field	log	for	recording	structural	variables	of	mangrove	seedlings,	juveniles,	and	
adults.		

**	If	shrub-type	adult	trees	are	present	in	the	zone,	note	the	height	from	ground	level	to	the	

bottom	of	the	crown	and	crown	width	and	length.	

Example	of	a	field	log	for	recording	pneumatophore	measurements		

	

INSTITUTION	NAME	

State	 Yucatan	 Locality	 Celestún	 Date	 	05-25-20	

Component		 Seedlings		 Time	 	12:30	

Coordinates	

Degrees	 20.854425,	-90.391738		
Technician’s	
name	 	Silvia	Ramírez	UTM	 	

Site	 Restoration,	zone	1		 Plot	#	 	2	 Plot	size/area	 	1x1	/	1	m2	

		

#	Individuals	 15		 Dominant	species	 Rhizophora	mangle		

Flood	level		 10	cm		 Life	form	 tree	

Tag	#		 Species	 Condition	 D	1(cm)	 D	2	(cm)	 Height	(cm)	 Observations	

	3	 R.	mangle		 ok		 1	 1.1	 25		 DBH,	Vernier		

		 		 		 		 		 		 		

		 		 		 		 		 		 		

INSTITUTION	NAME	

State	 	Yucatan	 Locality	 Celestún		 Date	 	08-10-18	

Component		 	Pneumatophores	 Time	 	8:00	am	

Coordinates	 20.854425,	-90.391738			
Technician’s	
name	 		

Zone	
Restoration,	zone	

2		 Plot	#	 	3	 Plot	size	 	1	m2	

		

#	individuals	 	25	 Dominant	species	 Avicennia	germinans		

Flood	level		 10	cm		

ID	 Species	 Diameter	(cm)	 Height	(cm)	 Observations	

	1	 A. germinans	 1.1		 16	cm		 		

		 		 		 		 		

** If shrub-type adult trees are present in the zone, note the height from ground level to the 
bottom of the crown and crown width and length.

Example of a field log for recording pneumatophore measurements.
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7.1.2 Soil

Example of a field log for recording the collection of soil cores for carbon measurement.
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7.1.2	Soil	
Example	of	a	field	log	for	recording	the	collection	of	soil	cores	for	carbon	measurement	

 

INSTITUTION	NAME	

State	 Yucatan	 Locality	 Celestún	 Date	 May-05-18	

Component	 Soil	 Time	 10:00	am	

Coordinates	
Degrees	 20.854425,	-90.391738	 Technician’s	

name	 Biol.	Oscar	Pérez	
UTM	 	

Site	 Restoration,	Zone	1,	Block	B	 Plot	#	 5	 Plot	size/area	
10	x	10	

100	m2	

Corer	type	 Stainless	steel	corer	

Total	core	length	 1	m	 Organic	matter	length	 15	cm	

Flood	level	 3	cm	

ID	 Interval	 Sample	(cm)	 Observations	

#1-ZR-1	 0–15	cm	 5–10	 Dark	brown	
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7.2 LABORATORY LOGS 

7.2.1 Biomass 

Example of a laboratory log for recording biomass to construct allometric equations for mangrove 
seedlings and juveniles.
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7.2	Laboratory	logs	
7.2.1	Biomass		
Example of a laboratory log for recording biomass to construct allometric equations for 
mangrove seedlings and juveniles. 

Example of a laboratory log for recording pneumatophore biomass measurements.	

 

INSTITUTION	NAME	

State	 	Yucatan	 Locality	
San	

Crisanto	 Date	 July	9,	2018	

Component		 Pneumatophores		 Time	 10:20		

Coordinates	
Degrees	 X	 Lat	270882.88	Long	2362090	 Technician’s	

name	

Ing.	Q.	
Daniela	
Sierra		UTM	 X	 61	UTM	16Q		

Site	 Transect	6		 Plot	#	 	1	 Plot	size/area	 1	x	1	m	/1	m2	

Balance	used	 Nº	1	triple	beam	balance,	SARTORIUS	

Sample	
Nº		 Species	 Laboratory	ID		

Height	
(cm)	 Diameter	(cm)	

Dry	weight	
(g)	 Observations	

	1	 	Ag	 	1	 	12	 	0.4	 	7.2	 		

	2	 	Ag	 	2	 	17	 	0.6	 	9.4	 		

	3	 	Lg	 	3	 	10	 	0.5	 	5.8	 		

INSTITUTION NAME 

State  Yucatan Locality Celestún  Date  May-12-18 

Component  seedlings  Time  8:00 am 

Coordinates 

Degrees Lat 21.01120477, lon -86.82893182  
Plot 
size/area  1 m2 , 1 x1 UTM  

Site Restoration,	zone	1	  Plot #  2 
Balance 
used 

Nº	2	triple	
beam	balance,	
OHAUS	 

Technician’s name: Daniela Sierra 

# individuals 15  Dominant species Rhizophora mangle  

Total dry weight  141 g 

Tag #  Species Laboratory ID  Dry weight (g) Observations 

 3  R. mangle  1A  10.1   Tag replaced 

 4  R. mangle  2 A   16.4   

 5  A. germinans  3 A   5.5   
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7.2	Laboratory	logs	
7.2.1	Biomass		
Example of a laboratory log for recording biomass to construct allometric equations for 
mangrove seedlings and juveniles. 

Example of a laboratory log for recording pneumatophore biomass measurements.	

 

INSTITUTION	NAME	

State	 	Yucatan	 Locality	
San	

Crisanto	 Date	 July	9,	2018	

Component		 Pneumatophores		 Time	 10:20		

Coordinates	
Degrees	 X	 Lat	270882.88	Long	2362090	 Technician’s	

name	

Ing.	Q.	
Daniela	
Sierra		UTM	 X	 61	UTM	16Q		

Site	 Transect	6		 Plot	#	 	1	 Plot	size/area	 1	x	1	m	/1	m2	

Balance	used	 Nº	1	triple	beam	balance,	SARTORIUS	

Sample	
Nº		 Species	 Laboratory	ID		

Height	
(cm)	 Diameter	(cm)	

Dry	weight	
(g)	 Observations	

	1	 	Ag	 	1	 	12	 	0.4	 	7.2	 		

	2	 	Ag	 	2	 	17	 	0.6	 	9.4	 		

	3	 	Lg	 	3	 	10	 	0.5	 	5.8	 		

INSTITUTION NAME 

State  Yucatan Locality Celestún  Date  May-12-18 

Component  seedlings  Time  8:00 am 

Coordinates 

Degrees Lat 21.01120477, lon -86.82893182  
Plot 
size/area  1 m2 , 1 x1 UTM  

Site Restoration,	zone	1	  Plot #  2 
Balance 
used 

Nº	2	triple	
beam	balance,	
OHAUS	 

Technician’s name: Daniela Sierra 

# individuals 15  Dominant species Rhizophora mangle  

Total dry weight  141 g 

Tag #  Species Laboratory ID  Dry weight (g) Observations 

 3  R. mangle  1A  10.1   Tag replaced 

 4  R. mangle  2 A   16.4   

 5  A. germinans  3 A   5.5   

Example of a laboratory log for recording pneumatophore biomass measurements.
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7.2.4 Soil

Example of a laboratory log for recording soil carbon measurements.

81	
	

	

7.2.4	Soil	
Example of a laboratory log for recording soil carbon measurements. 

State	 Yucatan	 Location	 	Celestún	 Date	 	February	12,	2017	

Component	 Mangrove	soil		 Hour	 	11:00	

Coordinates	
Degrees	 X	 Lat	2315459,	long	776629	 Core	diameter	/	

corer	type	 	5.25	cm	
UTM	 	 	

Balance	used	 100	cm		 Balance	used	
Nº	2	triple	beam	
balance,	OHAUS		

Technician’s	name	 Biol.	Eunice	Pech	Poot		

Site	
Layer	depth	

(cm)	
Profile	
(cm)	 Lab	ID	 Content	 Dry	weight	(g)	

Inner	
basin	
Plot	A	

0–15	 5–10	 1	

Decomposing	organic	matter,	fine	root	
(0.2	cm)	and	medium-sized	root	(0.5	

cm)	

	

12.0	

Inner	
basin	
Plot	A	

15–30	 20–25	 2	
Decomposing	organic	matter,	fine	root	

(0.2	cm)	 17.0	

Inner	
basin	
Plot	A	

30–50	 35–40	 3	
Decomposing	organic	matter,	fine	root	
(0.2	cm)	and	medium-sized	root	(0.5	

cm)	
16.4	

Inner	
basin	
Plot	A	

	

50–100	 75–80	 4	
Decomposing	organic	matter,	fine	root	

(0.2	cm)	 11	
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7.3 KEYWORDS

20 x 20 Initiative
Effort led by eight Latin American and 
Caribbean countries to restore 20 million 
hectares of land by 2020.

Accretion
Deposition of sediments; it can be caused by 
the movement of waves, tides, and coastal 
currents.

Allometric equation
Mathematical expression that establishes 
quantitative relationships between key 
characteristics that are easy to measure (for 
example, stem height and diameter) and other 
properties frequently more complex to assess 
(for example, biomass).

Anoxic conditions
Absence of dissolved oxygen in seawater, 
freshwater, or underground water.

Atmospheric interference
Effects on satellite images throughout their 
path through the atmosphere. These depend on 
the path traveled, the atmospheric conditions, 
and the radiation wavelength.

Biogeochemical cycles
Processes in which the elements necessary 
for life circulate between living beings and the 
environment.

Blue carbon
Carbon accumulated in mangrove trees, 
marshes, seagrasses, soil, living aboveground 
biomass (leaves, branches, stems), living 
belowground biomass (roots), and dead 
biomass (litter and deadwood).

Bonn Challenge
Strategy for implementing national priorities 
such as boosting land productivity, improving 
water and food security, conserving 
biodiversity, and fighting desertification, 
while facilitating the implementation of 
international commitments on climate change, 
biodiversity, and soil degradation.

Bulk density
Ratio between dry soil weight (mass) and 
volume, including the volume of particles and 
the porosity between particles.

Carbon capture: Carbon dioxide captured 
from the atmosphere over time due to 
photosynthesis.

Carbon dioxide (CO2)
Gas of natural origin; it is also a byproduct of 
the burning of biomass and fossil fuels (such 
as oil, gas, and coal), changes in land use, and 
industrial processes.

Carbon flows
Vertical and lateral transfers (inputs and 
outputs) of carbon. In terrestrial ecosystems, 
carbon flows occur in the production of 
living biomass (stems, leaves, and roots), the 
decomposition of organic matter, and the 
respiration of roots and microorganisms.

Carbon inventory
Account of carbon gains and losses due to 
carbon emissions to the atmosphere/ocean or 
the removal of carbon from the atmosphere/
ocean over a period of time.

Carbon pool
Total amount of organic carbon stored in a 
blue carbon ecosystem of a given extension. It 
is the sum of one or more carbon components.
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Carbon stock
Stores in which carbon was captured, thus 
preventing it from entering the atmosphere. 
According to the IPCC, forest carbon can be 
stored in aboveground biomass, belowground 
biomass, deadwood, litter, and soil.

Climate change
Modification of the climate throughout its 
history on a regional and global scale, attributed 
directly or indirectly to human activity.

Connectivity
Describes how the distribution and quality 
of elements in the landscape affect the 
displacement of organisms between habitat 
patches.

Cotyledons
Embryonic leaves of flowering plants that 
store and absorb nutrients until the seedling 
can produce true leaves and carry out 
photosynthesis.

Degraded
An ecosystem whose diversity, productivity, 
and ecological functions have been reduced so 
that its recovery is unlikely if rehabilitation or 
restoration measures are not taken.

Ecological restoration
A process undertaken to recover an ecosystem 
that has been degraded, damaged, or destroyed 
that can potentially return to its original state.

Ecological succession
Process through which the species composition 
of an ecosystem changes over time.

Ecosystem services
Benefits that people obtain from nature in 
securities, goods, or services.

Elemental autoanalyzer
Instrument used to determine the amounts 
of carbon (C), hydrogen (H), nitrogen (N), 
sulfur (S), and oxygen (O) in organic and 
inorganic, solid, or liquid, volatile, and non-
volatile samples.

Emission factors
Changes in carbon stocks and the resulting 
emissions or removals from a predefined area 
due to changes in land-cover and use or within 
a given land-use type.

Erosion
Set of processes that cause the wearing away of 
soil due to external natural agents, especially 
water and wind.

Feldspar
An extensive group of minerals made up of 
aluminum silicates combined in their three 
forms: potassium, sodium, and calcium. It 
is an essential component of many igneous, 
sedimentary, and metamorphic rocks. Feldspar 
is mainly used in the glass and ceramics 
industry.

Geographic Information System
System made up of hardware, software, 
and procedures designed for capturing, 
handling, analyzing, modeling, and sampling 
georeferenced data to solve planning, guiding, 
and implementation issues.

Georeferencing system
Assignment of some type of coordinates to a 
point.

Greenhouse Gases (GHG)
Gases emitted from natural processes and 
anthropic activities that accumulate in the 
Earth’s atmosphere and absorb infrared 
energy from the sun. This creates the so-called 
greenhouse effect, which contributes to global 
warming.
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Halophyte
Plant capable of thriving in saline soils.

Hydrogen potential (pH)
Measurement unit that indicates the degree of 
acidity or alkalinity of a solution.

Interspecific competition
Interaction between individuals of different 
species in which they compete for limited 
resources that affect their probability of 
survival and reproduction.

Interstitial salinity
Amount of salt in groundwater found between 
rocks and sediments.

Intraspecific competition
Interaction between individuals of the same 
species in which they compete for limited 
resources that affect their probability of 
survival and reproduction.

IPCC (Intergovernmental Panel on 
Climate Change)
An international organization founded by the 
United Nations that aims to predict the impacts 
of greenhouse gases according to the current 
climate models and literature information.

Microtopography
Minor landscape attributes only evident from 
a close range, frequently of a few centimeters 
or meters. It is one of the key drivers of 
hydroperiod.

Natural climate solutions
Initiatives to promote the capacity of 
ecosystems to store carbon dioxide through 
the conservation, restoration, or management 
of key ecosystems, aiming to increase carbon 
stsocks and/or prevent greenhouse gas 
emissions.

NDC (Nationally Determined 
Contributions)
Commitments assumed by countries to 
reduce greenhouse gas (GHG) emissions and 
adapt to climate change in the United Nations 
Framework Convention on Climate Change 
and the 2015 Paris Agreement.

Organic matter
Organic elements of soil (undecomposed 
tissues of dead plants and animals, products 
generated as these decompose, and the 
microbial biomass of soil).

Paris Agreement
International treaty on climate change that is 
legally binding. It acknowledges the urgent 
need to stop the flow of greenhouse gas 
(GHG) emissions and limit the temperature 
rise below 1.5 °C, encouraging all countries 
to make efforts to mitigate climate change and 
adapt to its effects.

Redox potential
A measure of the pressure (or availability) of 
electrons in a solution. It is frequently used 
to quantify the degree of electrochemical 
reduction in wetland soils.

Reducing Emissions from Deforestation 
and Forest Degradation (REDD+)
Initiative aimed at creating financial value 
for the carbon stored in forests, providing 
incentives for developing countries to reduce 
emissions from forest land and invest in 
routes of low carbon consumption towards 
sustainable development.

Reference site
Site that defines the ideal or future state to 
be achieved after implementing an ecological 
restoration project.
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Remote sensing
Technique that uses sensors or devices located 
at a certain distance from the Earth to gather 
information about its surface, supported by 
reflected or emitted electromagnetic energy 
records.

Resilient
Ability of an element to return to its original 
state after an event that modifies it.

Salinity
Amount of salt in a solution.

Sedimentation
Process of settling or sinking of matter 
suspended in water due to gravity.

Soil organic carbon
Organic carbon that remains in the soil after 
the partial decomposition of any material 
produced by living organisms.

Sustainable Development Goals (SDG)
An initiative promoted by the United Nations 
to end poverty, protect the planet, and ensure 
that all people enjoy peace and prosperity by 
2030.

Wetlands
According to Ramsar, areas of marsh, fen, peat, 
and or water, whether natural or artificial, 
permanent or temporary, with water that 
is static or flowing, fresh, brackish, or salt, 
including areas of marine water the depth of 
which at low tide does not exceed six meters.
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