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1. Reflections on 

Mangrove Carbon –

The carbon ‘ante’



Twilley, R.R.,  R.H. Chen, and 

T. Hargis.  1992.  Carbon sinks 

in mangroves and their 

implications to carbon budget 

of tropical coastal ecosystems.  

Water, Air and Soil Pollution 

64: 265-288. 
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Lovelock, W. H. Schlesinger & B. R. 
Silliman, 2011. A blueprint for blue 
carbon: toward an improved 
understanding of the role of vegetated 
coastal habitats in sequestering CO2. 
Frontiers in Ecology and the 
Environment 9: 552-560 

A blueprint for blue carbon

Breithaupt, J. L., J. M. Smoak, T. J. 
Smith, C. J. Sanders, and A. Hoare 
(2012), Organic carbon burial rates 
in mangrove sediments: 
Strengthening the global budget, 
Global Biogeochem. Cycles, 26, 
GB3011, 
doi:10.1029/2012GB004375 



2. Developing Global 

Models of Carbon 

Sources and Sinks 

(Setting the Context of Unidentified 

Carbon Flux – Carbon Mitigation)



Houghton, R.A. 1994. The worldwide extent of land-use change. Bioscience, 44(5), 
305-313. 

Houghton, R.A., 2007. Balancing the global carbon budget. Annu. Rev. Earth Planet. 
Sci., 35, pp.313-347.



Annual emissions of carbon from the combustion of fossil fuels and 

from changes in land use, and the annual increase in atmospheric 

CO2 (in PgC) over the period 1958 to 2005. 

Houghton, R.A., 2007. Balancing the global carbon budget. Annu. Rev. Earth Planet. 
Sci., 35, pp.313-347.



Annual sources and sinks of carbon 

from 1850 to 2000 for a balanced 

carbon budget (total sources are 

balanced by total sinks). The 

unidentified sink is the residual 

terrestrial sink.

The fractions of total annual 

emissions (fossil fuel plus land-use 

change) accumulating in the

atmosphere, oceans, and land 

(from Canadell et al. 2007). The 

anomaly in the early 1990s 

coincides with the eruption of Mt. 

Pinatubo in 1990. The values are 

5-year running averages.

Houghton, R.A., 2007. Balancing the global carbon 
budget. Annu. Rev. Earth Planet. Sci., 35, pp.313-
347.
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Bouillon, S., A.V. Borges, E. 
Castañeda-Moya, K. Diele, 
T. Dittmar, N.C. Duke, E. 
Kristensen, S.Y. Lee, C. 
Marchand, J.J. 
Middelburg, V.H. Rivera-
Monroy, T.J. Smith, and 
R.R. Twilley. 2008. 
Mangrove production and 
carbon sinks: A revision of 
global budget estimates. 
Global Biogeochemical 
Cycles 22: 1-12 
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Armentano, T.V. and Menges, E.S., 1986. Patterns of change in the carbon balance of organic soil-wetlands of the 
temperate zone. The Journal of Ecology, pp.755-774 

Land-use changes and carbon fluxes in simulation of wetland carbon exchange. Dead plant 
material is indicated as ‘Dead’ and long-term storage as reduced carbon (mostly exported in 
drainage waters) as LTS.  Stabilized wetlands have depleted organic soils and no longer release 
carbon. (Armentano and Menges 1986)
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Armentano, T.V. and Menges, E.S., 1986. Patterns 
of change in the carbon balance of organic soil-
wetlands of the temperate zone. The Journal of 
Ecology, pp.755-774 

Definitions of carbon sources and sinks 
as exchanged with the atmosphere using 
two hypothetical wetland regions 
subject to disturbance.  (A) The original 
net carbon sink is totally lost by the 
changes in ecosystem processes in 
response to disturbance, to condition 
where a net carbon source of carbon to 
atmosphere from the wetland has been 
created.  (B) The wetland regionally 
currently functions as a diminished 
carbon sink because CO2 release in 
disturbed wetlands is lower that net CO2

fixation in undisturbed wetlands; with a 
modification to demonstrate that carbon 
sinks can actually increase in some 
scenarios following a disturbance by 
increasing NEP (net ecosystem 
production).
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Armentano, T.V. and Menges, E.S., 1986. 
Patterns of change in the carbon 
balance of organic soil-wetlands of the 
temperate zone. The Journal of Ecology, 
pp.755-774 

Land-use changes and carbon 
fluxes in simulation of wetland 
carbon exchange. Dead plant 
material is indicated as ‘Dead’ 
and long-term storage as 
reduced carbon (mostly 
exported in drainage waters) as 
LTS.  Stabilized wetlands have 
depleted organic soils and no 
longer release carbon. 
(Armentano and Menges 1986)

Change with time of CO2 exchange in temperate 
zone wetlands affected by agricultural drainage 
(Armentano and Menges 1986)
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?

Equation (1) subsumes, and partly omits, anthropogenic 

perturbations to carbon cycling in inland freshwaters, estuaries, 

and coastal areas that modify both lateral fluxes transported 

from land ecosystems to the open ocean, “vertical” CO2 fluxes by 

outgassing in rivers and estuaries, and the air-sea net exchange 

of CO2 in coastal areas. These flows are omitted in the absence 

of details on the natural versus anthropogenic terms of these 

facets of the carbon cycle. 
Houghton, R.A., 2007. Balancing the global carbon budget. Annu. Rev. Earth Planet. Sci., 35, pp.313-347.
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3. Ecogeomorphology

Models to Test Energy 

Signature Hypothesis



Puerto RicoRookery Bay, USAMexico



Africa Micronesia



Thom, B.G. (1982) Mangrove ecology: A geomorphological perspective. 

Mangrove ecosystems in australia: Structure, function and management (ed. 

by B.F. Clough), pp. 3–17. Australian Institute of Marine Science, Canberra 

Lugo, A.E. & 

Snedaker, S.C. 

(1974) The Ecology 

of Mangroves, 

Annual Review of 

Ecology and 

Systematics, 5, 39-

64.

Woodroffe, C.D., 

1992. Mangrove 

sediments and 

geomorphology, 

pp.7-41. In: A.I. 

Robertson and D.M. 

Alongi (eds.) Coastal 

and Estuarine 

Studies. American 

Geophysical Union, 

Washington, D.C 



Hierarchical Framework : Landscape Patterns of Carbon SinksThe Ecogeomorphology of Mangroves



Woodroffe, C, K. Rogers, K.L. McKee, C.E. Lovelock, I.A. Mendelssohn, 
and N. Saintilan, 2016. Mangrove Sedimentation and Response to 
Relative Sea-Level Rise.  Annu. Rev. Mar. Sci. 8:243–66
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crucial as different mangrove forest settings deliver dissimilar ecosystem services (Ewel et al., 1998). 

Recent findings actually suggest that mangrove ecosystem threats and functioning, and thus their 

capacity for ecosystem services, may differ between biogeographic regions and socio-economic 

settings (e.g. Lee, 2008; Lovelock et al., 2009, Lee et al 2014).  Even down to the local level, 

differences in threats and drivers necessitate management considerations for specific ecosystems (e.g. 

Rivera-Monroy et al (2004)). 

In summary, this book aims to: 

1) Provide a scholarly and authoritative analysis of mangrove ecological processes, covering 

data at the local, biogeographic and global scales. Emphasis will be on regions and countries 
holding the largest mangrove resources (Figure 1); 

2) Integrate ecological and socio-economic perspectives on mangrove function and management 

using a system level hierarchical analysis framework; 

3) Explore the nexus between mangrove ecology and the capacity for ecosystem services, with 

an emphasis on thresholds, multiple stressors, and local conditions that determine this 

capacity 

These aims will culminate in an agenda to promote trans- and inter-disciplinary mangrove research 

using biogeographic and management ‘hot spots’, e.g. Amazonia, the Niger delta, the Sundarbans 

and Southeast Asia, as a first step to advance the application of the macro-ecology of mangroves 

(Ellison, 2002; Keith et al., 2012) in future coastal socio-ecological management scenarios.  

 

 

Figure 1.  The biogeographic and regional dimensions scales considered in the comparative analysis 

of ecological and socioeconomic mangrove processes discussed in this book. The circles represent 

the 15 countries contributing 75.3% of the total global mangrove area in 2000 (Data from Giri et al., 

2011). 
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Giri, C., E. Ochieng, L.L. Tieszen, Z. Zhu, A. Singh, T. Loveland, J. Masek, and N. Duke. 2011. Status and distribution of 
mangrove forests of the world using earth observation satellite data. Global Ecology and Biogeography 20: 154-159 

Atlantic/Eastern Pacific (AEP)     Indo/West Pacific (IWP)



4. Using Net 

Ecosystem Production 

(NEP) to Estimate 

Carbon Sequestration
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‘ The basic mangrove 
ecosystem is depicted as 
two coupled storages 
(above-ground structure 
and muds) linked by 
cycling of matter and 
powered by the 
interaction of sunlight 
and matter through 
photosynthesis’



NEE

NECE =Net 

Ecosystem 

Carbon 

Exchange
IT

ET

NECE = (NEE + IT + Fatm) –

(Fatm + ET)

ET = DIC + DOC + PC

IT = DIC + DOC + PC

Surface and Ground Water

Fatm

= Fatm

Fatm



NEE

NECE =Net 

Ecosystem 

Carbon 

ExchangeIT
ET

Fatm

= Fatm

Fatm

NECE = NEE + NTE

NTE (IT + ET) = DIC + DOC + PC

GPP R(h) 

Mangroves

NEP

IT

ET

R(a) 

Atmosphere CO2

NEP = (NPPL + NPPW + NPPB) 

– (Rs + NTE)

NEP = NPPW + ∆Sorg



NEE

IT
ET

Fatm

= Fatm

Fatm GPP R(h) 
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NEP = (NPPL + NPPW + NPPB) –

(Rs + NTE)

NPPA (1150) + NPPB

(311) – (Rs (311) +

NTE (550)) =

441) gC m-2 yr-1

NECE = NEE 
(1170) + NTE (-

550)  =  620
g C m-2 yr-1

NECE = NEE + NTE

NTE (IT + ET) = DIC + DOC + PC
Barr, J.G., V. Engel, J.D. Fuentes, J.C. Zieman, T.L. 
O’Halloran, T.J. Smith, and G.H. Anderson. 2010. 
Controls on mangrove forest-atmosphere carbon 
dioxide exchanges in western Everglades National Park. 
Journal of Geophysical Research 115: G0202 
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(1) NECE = NEE + NTE                                                  620 gC m-2 yr-1

(2) NEP = (NPPL + NPPW + NPPB) – (Rs + NTE)          441 gC m-2 yr-1

(3) NEP = NPPW + ∆Sorg 581 gC m-2 yr-1

(4)  NEP = ALONGI 2014 651 (NEP) – 200 (NTE) = 451 gC m-2 yr-1

(NOTE:  Dissolved Organic Carbon Export measured = 56 gC m-2 yr-1 that is 
increased to 550 gC m-2 yr-1 by including assumed values for DIC and POC).   



5. NEP Variation (Wood 

Production and Soil 

Sequestration) linked to Coastal 

Environmental Settings
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Plot of the frequency of sites in 
each ecogeomorphic setting for 
each ecological attribute

Twilley, R.R.,  R.H. Chen, and T. 

Hargis.  1992.  Carbon sinks in 

mangroves and their implications to 

carbon budget of tropical coastal 

ecosystems.  Water, Air and Soil 

Pollution 64: 265-288. 

Literature Survey of 260 Mangrove Sites
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6. Expanding Global 

Estimates (Models) of 

NEP Using ESH -

Above Ground Biomass
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ABSTRACT

Aim We developed a set of statistical models to improve spatial estimates of

mangrove aboveground biomass (AGB) based on the environmental signature

hypothesis (ESH). We hypothesized that higher tidal amplitudes, river discharge,

temperature, direct rainfall and decreased potential evapotranspiration explain

observed high mangrove AGB.

Location Neotropicsand a small portion of the Nearctic region.

Methods A universal forest model based on site-level forest structure statistics

was validated to spatially interpolate estimates of mangrove biomass at different

locations. Linear models were then used to predict mangrove AGB across the

Neotropics.

Results Theuniversal forest site-level model waseffectivein estimatingmangrove

AGBusingpre-existingmangroveforest structureinventoriesto validatethemodel.

We confirmed our hypothesis that at continental scales higher tidal amplitudes

contributed to high forest biomass associated with high temperature and rainfall,

and low potential evapotranspiration. Our model explained 20% of the spatial

variability in mangroveAGB, with valuesranging from 16.6 to 627.0 t ha−1 (mean,

88.7 t ha−1). Our findings show that mangrove AGB has been overestimated by

25–50% in theNeotropics, underscoringacommensuratebiasin current published

global estimatesusing site-level information.

Main conclusions Our analysisshow how theESH significantly explainsspatial

variability in mangrove AGB at hemispheric scales. This finding is critical to

improveand explain site-level estimatesof mangroveAGB that arecurrently used

to determine the relative contribution of mangrove wetlands to global carbon

budgets. Dueto thelack of aconceptual framework explicitly linkingenvironmen-

tal driversand mangroveAGBvaluesduringmodel validation,previousworkshave

significantly overestimated mangrove AGB; our novel approach improved these

assessments. In addition, our framework can potentially beapplied to other forest-

dominated ecosystemsby allowingtheretrieval of extensivedatabasesat local levels

to generate more robust statistical predictive models to estimate continental-scale

biomass values.

Keywords

Allometricmodels, carbon stock, climate change, coastal management policies,

macroecology, mangroveforest structure, Neotropics.
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Abstract

Understanding spatial variation in carbon storage in natural habitats is critical

for climate change mitigation efforts such as REDD. Terrestrial forests are be-

ing mapped with increasing accuracy, but the distribution of “blue carbon” in

marine ecosystems remains poorly understood. We reviewed the literature to

obtain field data on carbon storage and fluxes in mangroves world-wide. Us-

ing this material we developed a climate-based model for potential mangrove

above-ground biomass (AGB) with almost four times the explanatory power of

the only previous published model. From this model, we present the first ever

global map of potential mangrove AGB and estimate a total global mangrove

AGB of 2.83 Pg, with an average of 184.8 t ha− 1. Data on other carbon stocks

and fluxes confirm the importance of mangroves in carbon accounting. The

map highlights the high variability in mangrove AGB and indicates areas that

should be prioritised for mangrove conservation and restoration.

Introduction

Deforestation, particularly in tropical regions, is the sec-

ond largest source of anthropogenic CO2 emissions after

fossil fuels, contributing 12–20% of the total (IPCC 2007;

van der Werf et al. 2009). Understanding spatial varia-

tion in forest biomassand productivity is therefore crucial

for refining global climate models and developing policy

responses, including REDD and similar mitigation efforts

(Nepstad et al. 2011; Grabowski & Chazdon 2012).

There are growing efforts to more accurately map car-

bon stocks and fluxes at global scales (Saatchi et al. 2011;

Baccini et al. 2012), but mangroves have largely been ig-

nored in these syntheses due to their small spatial ex-

tent and the mapping challenges they present. Despite

this small extent, field studies have shown mangroves

to have high above-ground biomass, productivity (e.g.,

Putz & Chan 1986; Matsui 1998; Alongi et al. 2004),

soil carbon (Donato et al. 2011), below-ground to above-

ground biomass ratios (Komiyama et al. 2008; Lovelock

2008), and high rates of carbon sequestration (Mcleod

et al. 2011; Alongi 2012; Breithaupt et al. 2012).

Mangroves are also highly threatened. A third of the

world’s mangroves have likely been lost over the last 50

years largely through conversion for aquaculture or agri-

culture (Alongi 2002). Annual deforestation rates were

estimated at ∼ 0.7% from 2000–2005 (Spalding et al.

2010), similar to or higher than those for tropical forests

and three to five times greater than mean global rates of

forest loss (FAO 2006). Rapid loss rates, combined with

high carbon values means that, despite their small extent,

mangroves may contribute 10% of total carbon emissions

from deforestation (Donato et al. 2011).

Some earlier studies attempted to derive estimates of

global average carbon stocks and fluxes in mangrove

forests (e.g., Alongi 2009; Donato et al. 2011). Two of

these incorporated a model of spatial variation, using a

simple linear relationship of above-ground biomass with

latitude (Twilley et al. 1992; Siikamäki et al. 2012). In this

paper, we synthesize the findings from a new review of
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Figure 2 Global mangrove map showing modeled patterns of above-ground biomass per unit area.
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J. Hutchison et al. Global patterns in mangrove biomass

Table 1 The two sets of climate variables used for modeling (see www.worldclim.org/bioclim)

Set 1: averages and seasonalities Set 2: extremes

Variable Name Variable Name

BIO1 Annual mean temperature (◦ C) BIO10 Mean temperature of warmest quarter (◦ C)

BIO4 Temperature seasonality: S.D. of monthly mean temperature. BIO11 Mean temperature of coldest quarter (◦ C)

BIO12 Annual precipitation (mm) BIO16 Precipitation of wettest quarter (mm)

BIO15 Precipitation seasonality: CV of monthly precipitation BIO17 Precipitation of driest quarter (mm)

map layer was then used to calculate global, regional, and

national summary statistics.

Other measures

We summarized data on other carbon stocks

and fluxes for comparison to previous estimates.

For below-ground (root) biomass (BGB), we derived an

allometric relationship with AGB, using data from field

sites where we had measures of both variables. We used

this to add an indirect estimate of BGB to our spatial

model.

Results

The literature search produced 95 studies (Table S1), with

337 values for carbon storage and productivity proxies

(Table 2) from 242 different locations. These represent

data from 35 countries, covering most of the latitudinal

range of mangroves (from 28oN to 37oS, Figure 1), in-

cluding continental and island locations, and climate set-

tings from temperate estuaries to desert margins to wet

tropical regions.

Latitude model

Applying Twilley et al.’s (1992) latitude-based relation-

ship (Equation (1)), to our larger data set (n = 52) only

explained 7.6% of worldwide variation in AGB (R2 =

0.076). Reparameterizing this latitudinal model using our

data gave a new linear regression (Equation (2)), with a

much improved fi t (decrease in AIC of 3.68), and explain-

ing almost twice the variance (13.9%).

(from Tw illey et al. 1992):

AGB(t ha− 1) = − 7.291 Latitude(decimal degrees) + 298.5

(1)

(fitted to our dataset ):

AGB(t ha− 1) = − 4.617 Latitude(decimal degrees) + 239.9

(2)

Climate model

Both our climate models, one based on annual extremes

and the other based on mean and variation in tempera-

ture and precipitation, were better supported than the fit-

ted latitude model ( AIC = 2.39 and 1.27, respectively)

and the original Twilley et al. relationship ( AIC = 6.09

and 4.96), and explained 26.7% and 25.1% of global

variation in AGB respectively (i.e., an almost fourfold in-

crease on the explanatory power of Twilley et al.’s origi-

nal relationship). The climate variables in set 2 marginally

outperformed those in set 1 ( AIC = 1.13, with an in-

crease in R2 of 1.6%), so we used this model (Equation

(3)) to develop our maps.

AGB t ha− 1 = 0.295BIO10 + 0.658BIO11

+ 0.0234BIO16 + 0.195BIO17− 120.3. (3)

(BIO10 = mean temperature of warmest quarter, BIO11

= mean temperature of coldest quarter, BIO16 =

precipitation of wettest quarter, and BIO17 = Pre-

cipitation of driest quarter. See Table 1 for further

explanation.)

This equation indicates that biomass is higher in ar-

eas with higher temperatures, especially in the coldest

quarter. Areas with higher rainfall, especially in the dri-

est quarter, also have higher biomass. Adding latitude to

the model slightly increased AIC ( AIC = 0.80), indicat-

ing that it did not add any additional information. See

Figure S1 for plotsof the individual predictors against our

dataset.

The global patterns of AGB predicted by the model are

shown on the map in Figure 2.

Global, regional, and national totals

The model predicts a total global AGB in the world’s

mangroves of 2.83 Pg (95% confidence interval 2.18–

3.40 Pg), and a global mean AGB of 184.8 t ha− 1 (95%

CI 142.1–222.0 t ha− 1). Southeast Asia accounts for al-

most half of total global AGB: this region not only has the

largest area of mangroves, but also has the highest mean

AGB per unit area—nearly double that of the Middle East

Conservation Letters, May/June 2014, 7(3), 233–240 C⃝ 2013 The Authors. Conservation Letters published by Wiley Periodicals, Inc. 235
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Global Estimates of 

Aboveground 

Biomass

Environmental Signature Hypothesis of Carbon Dynamics in Mangrove Ecosystems.  In prep   

Robert R. Twilley, Andre S. Rovai, Paulo R. Pagliosa, Alessandra Larissa Fonseca, Edward 

Castaneda



C Sequestration

Wood Production 

+   Soil 

Accumulation

Atmosphere CO2

∆Corg/dt

Synthesis of wood productivity 

estimates range from 1.1 to 14.6

t ha-1 yr-1. 

However, the number of global 

estimates for wood production 

(only about 60 sites) is much less 

than observed for litter fall; and 

much less than for estimates of 

AGB (135 sites).  

The average wood production is 

about 5.8 t ha-1 yr-1, which is very 

similar to global average of litter 

fall productivity. 



4B. Global Estimates 

(Models) of Soil 

CarbonSequestration



Model Parameters/CalibrationFine root biomass and productivity

Chen, R., and R.R. Twilley. 1999a. A simulation model of organic matter and nutrient 
accumulation in mangrove wetland soils. Biogeochemistry 44: 93-18 



Murdiyarso, D., Donato, D., Kauffman, J.B., Kurnianto, S., Stidham, M. and Kanninen, M., 2009. Carbon storage in mangrove and 

peatland ecosystems: a preliminary account from plots in Indonesia.



 Shark River: 1120 ± 316 Mg C ha-1

1386

1939

1020

63

757 811

FCE Mangroves

Shark River Taylor River

843

1.9 m    2.5 m      4.5 m     <0.5 m  1.5 m     1.5 m

Total Soil Peat Depth (to underlying bedrock)

1.4 - 2.8 m

Mangroves

Indo-Pacific

Importance of depth 

to integrate carbon 

stocks in mangroves. 

Comparison of 

aboveground 

biomass and soil 

reservoirs to carbon 

inventories

Donato, D.C., J.B. Kauffman, D. Murdiyarso, S. Kurnianto, M. Stidham, and M. Kanninen. 2011. Mangroves among the most carbon-

rich forests in the tropics. Nature Geoscience 4: 293-297. 

Castaneda-Moya, E.,  R. R. Twilley, V.H. Rivera-Monroy, B.D. Marx, C.Coronado-Molina,and S.M. L. Ewe.  2011.  Patterns of Root 

Dynamics in Mangrove Forests Along Environmental Gradients in the Florida Coastal Everglades, USA.  Ecosystems, 14: 1178-1195. 

DOI: 10.1007/s10021-011-9473-3

Castañeda-Moya, E., Twilley, R.R. & Rivera-Monroy, V.H. (2013) Allocation of biomass and net primary productivity of mangrove 

forests along environmental gradients in the Florida Coastal Everglades, USA, Forest Ecology and Management, 307 226–241 



Woodroffe, C, K. Rogers, K.L. McKee, C.E. Lovelock, I.A. Mendelssohn, and N. Saintilan, 2016. Mangrove 
Sedimentation and Response to Relative Sea-Level Rise.  Annu. Rev. Mar. Sci. 8:243–66

Mangroves

NEP
∆Corg/dt



Rates can range 

from 4 to 1000 gC

m-2 yr-1

The largest 

proportion of 

observations, 41 of 

the 65 sites, occur 

from 4 to 200 gC

m-2 yr-1, 

Average = 224 gC

m-2 yr-1 for all sites.

Breithaupt, J. L., J. M. Smoak, T. J. Smith, C. J. Sanders, and A. Hoare (2012), Organic carbon 
burial rates in mangrove sediments: Strengthening the global budget, Global Biogeochem. 
Cycles, 26, GB3011, doi:10.1029/2012GB004375 



Breithaupt, J. L., J. M. Smoak, T. J. Smith, 
C. J. Sanders, and A. Hoare (2012), 
Organic carbon burial rates in mangrove 
sediments: Strengthening the global 
budget, Global Biogeochem. Cycles, 26, 
GB3011, doi:10.1029/2012GB004375 

Soil Burial Rates

Rates can range 

from 17 to 36 Tg C 

yr-1

Average = 25 Tg C 

yr-1



Jardine, S. L. & Siikamäki, 

J. V. 2014.  A global 

predictive model of carbon 

in mangrove soils. Environ. 

Res. Lett. 9, 104013 

Developing global models of carbon 

sequestration in mangrove soils is one 

of the great challenges – both stocks 

and the annual burial rates – along with 

impacts from land use change.  

Armentano analysis for temperate 

marshes….
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7. But What about the 

Fate of Carbon 

Outwelling?  

C Sequestration?



GPP R(h) 

Mangroves

NEP

IT

ET

Estuary

NEP

IT

GPPR(a) R(h) R(a) 

Atmosphere CO2

Have to get the export right?

Net ET = 550 gC m-2 yr-1

ET



Cai, W.J., 2011. Estuarine and coastal ocean carbon paradox: CO2 sinks or sites of 
terrestrial carbon incineration?. Annual Review of Marine Science, 3, pp.123-145 



Cai, W.J., 2011. Estuarine and coastal ocean carbon paradox: CO2 sinks or sites of 
terrestrial carbon incineration?. Annual Review of Marine Science, 3, pp.123-145 



Cai, W.J., 2011. Estuarine and coastal ocean carbon paradox: CO2 sinks or sites of 
terrestrial carbon incineration?. Annual Review of Marine Science, 3, pp.123-145 

Estuaries are heterotrophic ecosystems with negative 

NEP. 

Is respiration the fate of mangrove organic carbon to coastal 

ocean?  What fraction is stored in coastal sediments?



The significance of this 

fate of organic carbon is 

combination of where are 

mangroves located 

relative to flux of runoff 

to the oceans – wet 

tropics. 

Giri, C., E. Ochieng, L.L. 
Tieszen, Z. Zhu, A. Singh, T. 
Loveland, J. Masek, and N. 
Duke. 2011. Status and 
distribution of mangrove 
forests of the world using 
earth observation satellite 
data. Global Ecology and 
Biogeography 20: 154-159 



8. Accounting for 

Mangrove Disturbance 

NEP Recovery –

Carbon Sequestration
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Net sink
Increase shift



Daniel A. Friess and Edward L. 
Webb. 2014. Variability in 
mangrove change estimates and 
implications for the assessment 
of ecosystem service provision  
Global Ecology and Biogeography, 
23, 715–725

Summary of the different trend 
lines that can be extrapolated for 
mangrove extent in Australia, 
Bangladesh, Brazil, Cuba, 
Indonesia, Malaysia, Mexico, 
Myanmar, Nigeria, Papua New 
Guinea, the Phillippines, 
Singapore, the Soloman Islands, 
Thailand and Vietnam. 



Giri, C, Zhu, Z, Tieszen, LL, Singh, A, Gillette, 
S, & Kelmelis, JA. (2008). Mangrove forest 
distributions and dynamics (1975–2005) of 
the tsunami‐affected region of Asia. Journal 
of Biogeography, 35(3), 519-528 

Figure 2.  Areal estimate of deforestation and 
afforestation from 1975 to 2005.  



Thu, Phan Minh, & Populus, Jacques. (2007). 
Status and changes of mangrove forest in 
Mekong Delta: Case study in Tra Vinh, 
Vietnam. Estuarine, Coastal and Shelf 
Science, 71(1–2), 98-109.

Summary:  Evidence of reforestation is 
about 10% of the change; deforestation is 
about 20 to 60%.  



9A. Mangrove Disturbance and 

NEP Recovery - Evidence from 

Mangrove Plantations



In the mid-1970’s the Department of 
Forestry in Venezuela conducted a series 
of clear cuts in mangroves along the San 
Juan River Estuary to develop a plantation 
system. Plots were 50 m wide by 300 m 
inland from shore. Recovery was measured 
in 1988 and 1998. 

Regeneration 

Plot
Control plot
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9B. Mangrove Disturbance 

and NEP Recovery -

Evidence from Mangrove 

Restoration

Cienaga

Grande

Magdalena River

Barranquilla

City (aprox. 1 Million)

Caribbean Sea

Landsat TM-2 1986

Highway 1950’s
Cienaga-Barranquilla

Road

1950’s)

Cienaga

Pajarales



Cienaga Grande
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Aguas

Negras
(60 m3 s-1)



Rate of Increase: 11.9 km2 year-1



9C. Mangrove Disturbance and 

NEP Recovery –

Hurricane Disturbance



FCE LTER



Barr, J.G., V. Engel, J.D. Fuentes, J.C. Zieman, T.L. 
O’Halloran, T.J. Smith, and G.H. Anderson. 2010. 
Controls on mangrove forest-atmosphere carbon 
dioxide exchanges in western Everglades National 
Park. Journal of Geophysical Research 115: G0202 



Post-hurricane Effect on Belowground Biomass (SRS-6)

Strong response of BG 
biomass to post-hurricane 
Wilma in terms of resilience. 

Similar responses were 
observed with litterfall rates. 

Higher allocation to fine root 
production. 

Castaneda et al. in prep
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10. Mangroves and the 

Global Carbon Budget



NEP

Wood Production 

+ Soil Carbon 

Accumulation

Atmosphere CO2

Based on global reviews of observations, wood production is about 600 
gdm m-2 yr-1 or about 300 g C m-2 yr-1.  The average carbon sequestration 
in mangroves soils, again based on observations described above, is 
about 225 g C m-2 yr-1.  The sum of these two measures, (NPPW + ∆Sorg), is 
an estimate of NEP at about 525 g C m-2 yr-1.

84 TgC/yr
?

805,000Tg C + 1166 Tg C/yr

6,300 Tg C/yrFossil Fuel

1,000 Tg C/yrLand Use

773 Tg C/yr Mystery
Carbon

Ocean
Sinks

5361 Tg C/yr
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Armentano, T.V. and Menges, E.S., 1986. Patterns of change in the carbon balance of organic soil-wetlands of the 
temperate zone. The Journal of Ecology, pp.755-774 

Land-use changes and carbon fluxes in simulation of wetland carbon exchange. Dead plant 
material is indicated as ‘Dead’ and long-term storage as reduced carbon (mostly exported in 
drainage waters) as LTS.  Stabilized wetlands have depleted organic soils and no longer release 
carbon. (Armentano and Menges 1986)

Mangroves

NEP
∆Corg/dt



Operational methodologies for NEP of 

mangroves – wood production and soil organic 

carbon accumulation (mangrove origin vs 

hinterland) – fate  of net carbon export

Variation in NEP among ecogeomorphic settings 

to scale global estimates

Focus on the carbon derivative – annual carbon 

storage - NEP

Variation in NEP with disturbance – change in 

land use and change in NEP –Armentano

method of carbon accounting
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