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Goals – Improved Mapping and Monitoring of Coastal and Blue 
Carbon Ecosystem Carbon Stocks  

Mangroves Seagrass Salt Marsh

•When protected or restored, blue carbon ecosystems sequester and store carbon.
•When degraded or destroyed, these ecosystems emit the carbon they have stored for centuries into the 

atmosphere and oceans and become sources of greenhouse gases. 
•1.02 billion tons of carbon dioxide are being released annually from degraded coastal ecosystems

• equivalent to 19% of emissions from tropical deforestation globally*.
•To better manage them, we need better estimates of their distribution, Carbon stocks and emissions



Outline
• Earth Observations and Remote 

Sensing of Mangrove Forest Canopy 
Height

• Field inventory design and Field 
Data  collection

• Biomass and Carbon stock 
estimation 

• Mangrove Extent mapping, and 
Global Drivers of Change mapping

• Data Availability and Applications





Why 
Mangroves?
• Numerous Ecosystem Services

– Nutrient Cycling
– Fishery Support
– Biodiversity 
– Flood Control
– Water Quality
– Coastline Stabilization
– Carbon Sequestration

Thompson et al, 2019. Beyond ecosystem services: Using charismatic megafauna as 
flagship species for mangrove forest conservation 





Sanders, 2016

‘Mangrove  Global’



3-D Structure

Why do we care about mangrove 
structure?
• Height, Biomass and Carbon Stocks
• Ecosystem Condition (intact vs 

degraded)
• Ecosystem services 
• Environmental drivers 
• Management and restoration



Remote Sensing Techniques: Mangrove 3D structure from 
Radar and Lidar

TanDEM-X Digital Elevation Modal SRTM DEM

IceSat/GLAS / IceSat-2

Global Ecosystem Dynamics Investigation (GEDI)
Lidar

Airborne Lidar



● Ground-based, airborne or spaceborne.

● High resolution active remote sensing technology that 
measures the distance of reflected laser light.

● 3D point cloud, waveform or photons with x, y and z 
coordinates

● Canopy height = First returns minus last returns

● Canopy height is proportional to AGB

● ALS uncertainty for canopy height measurements is < 1 m 

● Samples/footprints or small area wall to wall coverage

University of California

How do we measure 3D structure?  Lidar

Light Detection and Ranging (LiDAR)



Radio Detection and Ranging (RaDAR)
(Active RS) 

● Synthetic Aperture Radar (SAR)
○ Radar - active illumination system
○ Reflected signal or echo, is backscattered from the 

surface and received a fraction of a second later at 
the same antenna

○ Can penetrate through clouds
○ Covers larger ground area

●Interferometric SAR (InSAR)
○ InSAR – measure phase changes between two 

acquisitions
○ Commonly used to quantify changes and 

deformation in the Earth
○ Single – pass InSAR: TanDEM-X (2010 –present) 

and SRTM (2000)
Blogger digest

VRWORLD

Synthetic Aperture Radar Interferometry



TanDEM-X

SRTM

SAR Interferometry



SRTM
Shuttle Radar Topography Mission

ICESat/GLAS
Geoscience Laser Altimeter System

Global Mangrove Height and Biomass



Global Canopy Height and Biomass 
Calibration



The world’s tallest Mangroves!

Highlights
• Maximum canopy height  ranged up to 63 m 
• Tallest forests were found in Gabon and Colombia
• Tallest tree measured in the field 65 m 
• Mean canopy height (30m) globally of 13 m 
• 5% of mangrove canopies 40 m

Simard, M., Fatoyinbo, L., Smetanka, C., Rivera-Monroy, 
V.H., Castañeda-Moya, E., Thomas, N. and Van der 
Stocken, T., 2019. Mangrove canopy height globally related 
to precipitation, temperature and cyclone frequency. Nature 
Geoscience, 12(1), p.40.



a

b

• Main predictors of Canopy height are total annual precipitation, mean 
annual temperature and tropical cyclone landfall frequency.

Maximum Height Controls



Biomass Estimation Approaches

• Paint-by-number • Allometric Models



Mangrove Field Inventory



A Carbon Inventory of Mangroves in the 
Zambezi River Delta, Mozambique

C Project Objectives• Characterize ecosystem carbon 
stock of mangroves on the 
Zambezi River Delta;

• Provide a baseline inventory and 
framework for monitoring forest 
growth and change;

• Build capacity within 
Mozambique to implement 
inventory and monitoring 
protocols to support REDD+ and 
other mitigation and adaptation 
strategies. 



Inventory Design – Objective 

There are two basic types of sampling design



Basis of Stratification
- Forest structure (e.g., canopy height)
- Geomorphic setting
- Zonation
- Etc. A Spatial Decision 

Support System is a 
way to integrate 
these steps and 
maintain an objective 
inventory

- Literature
- Pilot study

Inventory Design – Steps 



Inventory Approach : 
Stratified Random Sampling Design

Class 
ID Height (m)
1 2 - 6.9
2 7 - 9.9
3 10 - 12.9
4 13 - 17.9
5 18 - 29

Because canopy height is functionally 
related to biomass, it’s a sound basis 

for stratification

Data from Fatoyinbo and Simard, 2013

Stratification: Forest Canopy Height



Spatial Decision Support System

After: Tang et al. 2016



Example Scenario: 
3 vs. 4 camping sites



Field Sampling Plan 
Plots randomly located within strata



Above-ground pools - live
Tree biomass

> 50 cm DBH
>5 & < 50 cm DBH
< 5 cm DBH

Shrub layer + seedlings
Above-ground pools- dead

Tree biomass
> 50 cm DBH
>5 & < 50 cm DBH
< 5 cm DBH

Litter 
Coarse wood - down 

5 categories
Below-ground pools
Tree biomass (live & dead)

> 50 cm DBH
>5 & < 50 cm DBH
< 5 cm DBH

Soils
to 200 cm depth

Measurements to Estimate Ecosystem C Pools



Africa Sites

Gabon Estuary 

Rufiji Delta

Zambezi Delta



Airborne Lidar: Zambezi Delta 







Mangrove Composition 
Trees > 5 cm DBH

Trees < 5 cm DBH

Trettin, C.C., Stringer, C.E. and Zarnoch, S.J., 2016. Composition, biomass 
and structure of mangroves within the Zambezi River Delta. Wetlands 
ecology and management, 24(2), pp.173-186.



Carbon Distribution in Above- and Below-
ground Biomass Pools – Zambezi Delta 

Below-ground pools

Above-ground pools

Stringer, C.E., Trettin, C.C., Zarnoch, 
S.J. and Tang, W., 2015. Carbon 
stocks of mangroves within the 
Zambezi River Delta, 
Mozambique. Forest Ecology and 
Management, 354, pp.139-148.



Ecosystem Carbon Stocks – Zambezi Delta

After: Stringer et al. 2015



Mangrove Carbon Stock & Spatial Distribution 

Height 
Class

Total Carbon 
Stock                 

(Mg C ha-1)
Area (ha)

Total Carbon   
(Gg)

Std. Err. 
(Gg)

1 373.84 4,730 1.8 0.14
2 434.05 10,536 4.6 0.26
3 513.51 8,610 4.4 0.23
4 545.51 5,522 3.0 0.16
5 620.82 869 0.5 0.04

Total 30,267 14.3 0.41
After: Stringer et al. 2015



Zambezi Delta AGB LiDAR-based 
Regressions

Fatoyinbo, T., Feliciano, E. A., Lagomasino, D., Lee, S. K., & 
Trettin, C. (2018). Estimating mangrove aboveground biomass 
from airborne LiDAR data: a case study from the Zambezi River 
delta. Environmental Research Letters.



Mean = 224 Mg.ha-1 Mean = 252 Mg.ha-1 Mean = 232 Mg.ha-1

Mean = 209 Mg.ha-1 Mean = 203 Mg.ha-1

Zambezi Delta AGB Maps

Mean = 192 Mg.ha-1

Fatoyinbo, T., Feliciano, E. 
A., Lagomasino, D., Lee, S. 
K., & Trettin, C. (2018). 
Estimating mangrove 
aboveground biomass 
from airborne LiDAR data: 
a case study from the 
Zambezi River 
delta. Environmental 
Research Letters.



Global Mangrove Biomass

Country
Maximum
Height (m)

Mean 
height (m)

Max AG 
Biomass 
(Mg.ha-1)

Mean AG 
Biomass 
(Mg.ha-1)

Total AG 
Biomass (Mg)

Total Carbon 
(Mg)

Percent Global 
Total Carbon

1 Indonesia 47.5 24.7 456.4 218.5 578,630,876 1,138,076,289 24.0
2 Brazil 40.7 20.3 260.5 94.6 97,367,688 354,985,555 7.5
3 Australia 28.8 12.2 241.8 121.7 111,643,417 333,910,624 7.0
4 Nigeria 33.9 13.9 355.3 99.6 68,016,334 238,906,942 5.0
5 Malaysia 35.6 20.4 308.3 176.5 92,120,954 209,655,257 4.4
6 Papua New Guinea 45.8 28.6 432.5 248.1 114,089,528 206,806,176 4.4
7 Mexico 39.0 11.7 243.3 41.2 26,958,637 202,515,476 4.3
8 Bangladesh 25.5 15.5 421.2 173.0 73,916,017 170,612,893 3.6
9 Cuba 22.1 10.1 97.5 31.1 12,790,694 124,960,442 2.6

10 Mozambique 20.4 10.8 247.3 75.0 23,666,210 104,950,554 2.2
Total top 10 Carbon 1,199,200,354 3,085,380,208 65.0

Simard, Fatoyinbo et al, 2019



We compare 17 different products for mapping 
mangrove biomass



How does height-AGB allometry compare?



Why is the global mangrove model estimating high?

• All comes down to 
calibration

• Need tall mangroves in 
calibration to predict AGB in 
tall mangroves.

• Solution is all in local 
calibration and better plot 
data

Stovall, A.E., Fatoyinbo, T., Thomas, N.M., Armston, J., Ebanega, M.O., 
Simard, M., Trettin, C., Zogo, R.V.O., Aken, I.A., Debina, M. and Kemoe, 
A.M.M., 2021. Comprehensive comparison of airborne and spaceborne 
SAR and LiDAR estimates of forest structure in the tallest mangrove 
forest on earth. Science of Remote Sensing, 4, p.100034.



Next step: 

Create a better global mangrove height and AGB model.

From Rovai 2019 et al and SWAMP 



Terrestrial Laser Scanning



Terrestrial Laser Scanning

Stovall et al in prep 



Drivers of Loss and Carbon emissions





Gulf of Carpentaria, Australia

July 20, 2016July 15, 2016



Yawri Bay, Sierra Leonne

Landsat 5, 7, 8 
Imagery

Reference Period: 
1998-2001

Observation Period: 
2000-2016

Mean NDVI Annual NDVI

NDVI Change Anomaly

High NDVI Gain

No NDVI Change

High NDVI Loss

Global Loss Extent Mapping



Random Forest Land Cover Change Classification

Training Data: 
Landsat 7,8 imagery in 

classified regions

RF Classification:
Landsat 7,8 imagery in 

all mangrove loss 
regions

Class 1:
Bare Soil

Class 2:
Water

Class 3:
Wet Soil

Land Cover Change 
Classification

Wet Soil

Bare Soil

Water

Image Credit: Liza Goldberg



5 km

Erosion
Sundarbans, Bangladesh

2000-2005
2005-2010
2010-2015



Shoreline 
Erosion

Coastal 
Squeeze

Commodities

Extreme 
Weather 
Events

Non-
Productive 
Conversion

Goldberg, L., Lagomasino, D., Thomas, N., & Fatoyinbo, T. (2020). 
Global declines in human-driven mangrove loss. Global Change 
Biology.

A variety of natural, 
human, and combined 
human factors play a 
role in mangrove loss



*More than half of the global losses have an anthropogenic origin, most of which are concentrated in Asia
*Nearly all land reclamation to commodities (agriculture & aquaculture) occurred within 8 countries 

Goldberg et al, 2020



CommoditiesSettlement Non-Productive Conversion

Extreme Weather Events

Extreme Weather Events Erosion

Continental Loss Driver Trends 2000-2016

(d) North America, (e) South America,      (f) Africa, (g) Asia, (h) Australia together with Oceania



Goldberg, L., Lagomasino, D., Thomas, N. and 
Fatoyinbo, T. (2020), Global declines in human-driven 
mangrove loss. Glob Change Biol. 
doi:10.1111/gcb.15275

2000-2005

2005-2010

2010-2016

Key Findings:
• Direct human-driven mangrove loss declined by 73% from 

2000 to 2016.
• 62% of global losses from 2000-2016 resulted from land-use 

change.
• 80% of these human-driven losses occurred within six 

Southeast Asian nations (Myanmar, Malaysia, the 
Philippines, Thailand, and Vietnam)

• https://www.mangrovelossdrivers.app/

https://doi.org/10.1111/gcb.15275
https://www.mangrovelossdrivers.app/


Landsat 8
Natural Color Composite

Mangrove Extent 2016

Change 2000-2016
Gain
Loss

TanDEM-X
False-Color Composite

Canopy Height

Aboveground Biomass

30 m

0 m

500 Mg ha-1

0 Mg ha-1



Mangrove Carbon Assessment Tool (MCAT) 

• Process-based biogeochemical model to 
simulate carbon sequestration, turnover 
and fluxes (atmosphere and water) in 
mangroves.

• Sensitive to climate, soil chemical and 
physical properties, tide and salinity.

• Tool provides capabilities for predicting C 
dynamics:
– Monitoring
– Restoration
– Response to stressors



Application of MCAT – Managed Mangroves, Indonesia 

5 Yr.0 Yr. 10 Yr.

15 Yr. 25 Yr. reference

(photos: Mudiyarso et al. 2021)



Future carbon emissions from 
global mangrove forest loss

• Six regions accounted for 90% 
of the total potential 
CO2 eq future emissions

Adame, M.F., Connolly, R.M., Turschwell, M.P., Lovelock, C.E., Fatoyinbo, T., Lagomasino, D., Goldberg, L.A., Holdorf, 
J., Friess, D.A., Sasmito, S.D., Sanderman, J., Sievers, M., Buelow, C., Kauffman, J.B., Bryan-Brown, D. and Brown, C.J. 
(2021), Future carbon emissions from global mangrove forest loss. Glob Change Biol. https://doi.org/10.1111/gcb.15571

https://doi.org/10.1111/gcb.15571


Activities that improve agricultural practices to reduce further expansion into mangrove areas and 
efforts to stabilize coastlines and restore former mangrove areas should be prioritized to decrease 

emissions from mangrove loss by the end of the century

Adame et al, 2021





• https://daac.ornl.gov/CMS/guides/CMS_Global_Map_Mangrove_Canopy.html

Data Availability





Data Availability NASA ORNL and Forest 
Service  DAAC
• Lagomasino, D., T. Fatoyinbo, S. Lee, E. Feliciano, M. Simard, and C. Trettin. 2016. CMS: Mangrove Canopy Height Estimates from Remote Imagery, Zambezi Delta, 

Mozambique. ORNL DAAC, Oak Ridge, Tennessee, USA. http://dx.doi.org/10.3334/ORNLDAAC/1357

• Fatoyinbo, T., and C. Trettin. 2017. CMS: LiDAR Data for Mangrove Forests in the Zambezi River Delta, Mozambique, 2014. ORNL DAAC, Oak Ridge, Tennessee, 
USA. https://doi.org/10.3334/ORNLDAAC/1521

• Lagomasino, D., T. Fatoyinbo, S. Lee, E. Feliciano, C. Trettin, A. Shapiro, and M. Mwita. 2019. CMS: Mangrove Forest Cover Extent and Change across Major River 
Deltas, 2000-2016. ORNL DAAC, Oak Ridge, Tennessee, USA. https://doi.org/10.3334/ORNLDAAC/1670

• Fatoyinbo, T., E. Feliciano, D. Lagomasino, S. Lee, and C. Trettin. 2017. CMS: Aboveground Biomass for Mangrove Forest, Zambezi River Delta, 
Mozambique. ORNL DAAC, Oak Ridge, Tennessee, USA. https://doi.org/10.3334/ORNLDAAC/1522

• Simard, M., T. Fatoyinbo, C. Smetanka, V.H. Rivera-monroy, E. Castaneda, N. Thomas, and T. Van der stocken. 2019. Global Mangrove Distribution, 
Aboveground Biomass, and Canopy Height. ORNL DAAC, Oak Ridge, Tennessee, USA. https://doi.org/10.3334/ORNLDAAC/1665

• Lagomasino, D., T. Fatoyinbo, S. Lee, E. Feliciano, C. Trettin, A. Shapiro, and M. Mwita. 2019. CMS: Mangrove Forest Cover Extent and Change 
across Major River Deltas, 2000-2016. ORNL DAAC, Oak Ridge, Tennessee, USA. https://doi.org/10.3334/ORNLDAAC/1670

• Lagomasino, D., T. Fatoyinbo, S. Lee, E. Feliciano, C. Trettin, and M.C. Hansen. 2017. CMS: Mangrove Canopy Characteristics and Land Cover 
Change, Tanzania, 1990-2014. ORNL DAAC, Oak Ridge, Tennessee, USA. http://dx.doi.org/10.3334/ORNLDAAC/1377

• Trettin, Carl C.; Dai, Zhaohua; Tang, Wenwu; Lagomasino, David; Thomas, Nathan; Lee, Seung-Kuk; Ebanega, Médard Obiang; Simard, Marc; Fatoyinbo, Temilola E.. 
(2022). Carbon stock inventory of mangroves, Pongara National Park, Gabon. USDA Forest Service Research Data Archive. https://doi.org/10.2737/RDS-2020-

0040..

http://dx.doi.org/10.3334/ORNLDAAC/1357
https://doi.org/10.3334/ORNLDAAC/1521
https://doi.org/10.3334/ORNLDAAC/1670
https://doi.org/10.3334/ORNLDAAC/1522
https://doi.org/10.3334/ORNLDAAC/1665
https://doi.org/10.3334/ORNLDAAC/1670
http://dx.doi.org/10.3334/ORNLDAAC/1377
https://doi.org/10.2737/RDS-2020-0040


www.mangrovescience.earthengine.app www.mangrovelossdrivers.app

http://www.mangrovescience.org/


www.globalmangrovewatch.org





https://maps.oceanwealth.org/mangrove-restoration/



Cautions/things to consider

• Global datasets with uncertainties -
may not be exact at the local scale 

• Differences in baseline 
datasets/methods (GMW approach 
vs our approach – go see Nathans 
paper)

• Error propagation

Thank you! 



Thank you



Global potential and limits of 
mangrove blue carbon for 
climate change mitigation

• Bundling other ecosystem services 
alongside carbon credits would 
increase the range of mangrove 
financing mechanisms such as 
coastal protection insurance
• Return-on-investment analyses 

will help to inform national and 
international policy interests in 
mangrove blue carbon and the 
small scale of current carbon 
project implementation

Zeng et al, 2021



• ∼20% of mangrove forests can qualify for blue carbon financing
• ∼10% will be financially sustainable—contributing up to 29.8 MtCO2eyr−1

• Blue carbon financing is important at a national level, but has limited 
global potential

Zeng et al, 2021



Global Mangrove Height

Simard, Fatoyinbo et al, 2019

a

b


