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Abstract. Mangroves sequester large quantities of carbon (C) that become significant 
sources of greenhouse gases when disturbed through land-use change. Thus, they are of great 
value to incorporate into climate change adaptation and mitigation strategies. In response, a 
global network of mangrove plots was established to provide policy-relevant ecological data 
relating to interactions of mangrove C stocks with climatic, tidal, plant community, and geo-
morphic factors. Mangroves from 190 sites were sampled across five continents encompassing 
large biological, physical, and climatic gradients using consistent methodologies for the quan-
tification of total ecosystem C stocks (TECS). Carbon stock data were collected along with 
vegetation, physical, and climatic data to explore potential predictive relationships. There was 
a 28-fold range in TECS (79–2,208 Mg C/ha) with a mean of 856 � 32 Mg C/ha. Below-
ground C comprised an average 85% of the TECS. Mean soil depth was 216 cm, ranging from 
22 to >300 cm, with 68 sites (35%) exceeding a depth of 300 cm. TECS were weakly correlated 
with metrics of forest structure, suggesting that aboveground forest structure alone cannot 
accurately predict TECS. Similarly, precipitation was not a strong predictor of TECS. Reason-
able estimates of TECS were derived via multiple regression analysis using precipitation, soil 
depth, tree mass, and latitude (R2 = 0.54) as variables. Soil carbon to a 1 m depth averaged 
44% of the TECS. Limiting analyses of soil C stocks to the top 1 m of soils result in large 
underestimates of TECS as well as in the greenhouse gas emissions that would arise from their 
conversion to other land uses. The current IPCC Tier 1 default TECS value for mangroves is 
511 Mg C/ha, which is only 60% of our calculated global mean. This study improves current 
assessments of mangrove C stocks providing a foundation necessary for C valuation related to 
climate change mitigation. We estimate mangroves globally store about 11.7 Pg C: an above-
ground carbon stock of 1.6 Pg C and a belowground carbon stock of 10.2 Pg C). The differ-
ences in the estimates of total ecosystem carbon stocks based on climate, salinity, forest 
structure, geomorphology, or geopolitical boundaries are not as much of an influence as the 
choice of soil depth included in the estimate. Choosing to limit soils to a 1 m depth resulted in 
estimates of <5 Pg whereas those that included the soil profile >1 m depth resulted in global 
carbon stock estimates that exceeded 11.2 Pg C. 
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INTRODUCTION 

Mangrove ecosystems are coastal wetlands consisting 
of woody vegetation that occur in intertidal marine and 
brackish environments (Lugo and Snedaker 1974, Gie-
sen et al. 2007, Friess 2016). They line the coasts of the 
oceans in at least 124 tropical and subtropical countries 
between approximately 30° N and 30° S latitude (Spald-
ing et al. 2010, Giri et al. 2011). Mangrove forests are 
keystone coastal ecosystems that provide numerous 
ecosystem services and perform critical ecological func-
tions (Barbier et al. 2011, UNEP 2014). 
Renowned for an array of ecosystem services includ-

ing fish habitat, sediment regulation, and storm surge, 
tsunami and sea-level rise protection (Barbier et al. 
2011), mangroves also are carbon-rich ecosystems that 
warrant preservation and restoration because they cap-
ture and preserve significant amounts of carbon (C), 
thus counterbalancing anthropogenic greenhouse gas 
(GHG) emissions (McLeod et al. 2011, Pendleton et al. 
2012, Siikam€aki et al. 2012, Murdiyarso et al. 2015, 
Howard et al. 2017). As such, mangroves and other 
coastal wetlands (“blue carbon”) can play an important 
crucial role in climate change mitigation (Price and War-
ren 2016). 
Human land uses have resulted in declines of the 

extent, structure, and function of coastal ecosystems 
(Alongi 2002, Polidoro et al. 2010, Giri et al. 2011, 
Murdiyarso et al. 2015, Kauffman et al. 2018a). Glob-
ally, between 20% and 35% of mangroves were lost from 
1980 to 2000 (Millennium Ecosystem Assessment 2005, 
Polidoro et al. 2010). Between 2000 and 2012, mean 
rates of mangrove deforestation in Southeast Asia were 
0.18% per year (Richards and Friess 2016). Globally, 
Sanderman et al. (2018) estimated that 1.67% of all 
mangroves were deforested between 2000 and 2015 (i.e., 
a loss of 278,049 ha). Among all anthropogenic factors, 
conversion to fish and shrimp ponds is regarded as the 
greatest single cause of mangrove degradation and 
decline in Southeast Asia (FAO 2007, Giri et al. 2008, 
Murdiyarso et al. 2015) as well as in many countries in 
the Americas (Kauffman et al. 2018a). Other causes of 
loss include conversion to agriculture, development of 
industrial and urban areas, logging for wood and char-
coal, pollution, and conversion to open water due to cli-
mate change (Duke et al. 2007, Servino et al. 2018, 
Sippo et al. 2018). 
The losses of C stocks as a result of land-use change 

in mangroves tend to be higher than losses associated 
with land-use change in upland forests (Kauffman et al. 
2016, 2018b, Arifanti et al. 2019). Kauffman et al. 
(2017a) reported that the mean decline in total ecosys-
tem C stocks (TECS) from mangrove conversion to 
aquaculture or cattle pastures was 554 Mg C/ha, and the 

associated mean potential GHG emissions were 
1,894 Mg CO2e/ha and 2,599 Mg CO2e/ha, respectively. 
By comparison, the mean emissions arising from tropi-
cal forest to pasture conversion in the Brazilian Amazon 
were 583 Mg CO2e/ha (Kauffman et al. 2018b). While 
losses of aboveground C stocks due to deforestation are 
similar between mangrove and upland tropical forests, 
the loss of large quantities of soil C is the causal factor 
of such large GHG emissions in mangroves (Kauffman 
et al. 2017a). 
To date, a globally synthetic understanding of man-

grove C stocks has been hampered, in part, by the wide 
variation in environmental settings and drivers that 
influence their productivity and C dynamics. For exam-
ple, hydrologic and salinity environments in mangroves 
range from hypersaline (>96 PSU) and hyperarid 
(~22 mm annual precipitation), to essentially freshwater 
environments in the highest rainfall areas of tropical 
coastlines (Kauffman and Bhomia 2017, Schile et al. 
2017). Drivers such as temperature, salinity, geomor-
phology, and tidal regime impose structural and func-
tional constraints and foster adaptations (e.g., aerial 
roots, viviparous embryos, and efficient nutrient-reten-
tion mechanisms) as well as physiological mechanisms to 
facilitate mangrove establishment and growth in hydro-
morphic saline soils (Wolanski et al. 1992, Alongi 2014). 
Potential influences of these variables have been sug-
gested to also affect, and have been used, to model car-
bon storage (Sanders et al. 2016, Hamilton and Friess 
2018 and Rovai et al. 2018). Uniform collection of man-
grove C stocks encompassing broad ranges of biotic, 
physical, and environmental gradients from throughout 
the world are needed to test hypotheses of which vari-
ables best predict carbon stocks. 
The International Panel on Climate Change (IPCC) 

publication of guidelines to quantify and report stocks 
and emissions includes those arising from mangroves 
and other blue carbon ecosystems (Intergovernmental 
Panel on Climate Change (IPCC) 2014). This reflects the 
recognition of the roles that mangrove ecosystem conser-
vation and restoration could play in strategies to reduce 
GHG emissions. Yet, data on the full extent of ecosys-
tem C stocks that are vulnerable to loss are lacking. 
Especially limited is information on C stocks below the 
100 cm soil depth. This is an important omission as sig-
nificant losses of these deep soil C pools have been mea-
sured following land use (Kauffman et al. 2017a, 
Arifanti et al. 2019). To contribute to the ecological data 
and knowledge necessary for countries to include man-
groves in climate change mitigation and adaptation 
strategies, a long-term study was established, the Sus-
tainable Wetland Adaptation and Mitigation Program 
(SWAMP). SWAMP established plots in mangroves 
around the world and has ultimately resulted in an 
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enormous global data set collected using a standardized, 
robust protocol. This data set provides an unprecedented 
opportunity to quantitatively examine differences in C 
stocks of mangrove forests across different continents 
and regions of the world. Our objectives were to describe 
differences in mangrove C stocks across regions and con-
tinents, as well as among mangroves of varying species 
composition and structure. We investigated the relation-
ships of physicochemical parameters (e.g., salinity, pH), 
geographic position (latitude), geomorphic setting (estu-
arine, fringe, interior), aboveground tree biomass, and 
climate (precipitation) on TECS to determine if develop-
ment of reliable predictive models was possible for man-
grove forests. Further, we examined relationships 
between aboveground C stocks and total belowground C 
stocks. We hypothesized that (1) TECS would decrease 
with increases in porewater salinity and latitude, and 
increase positively with precipitation, (2) estuarine/river-
ine mangroves would have the greatest TECS compared 
to fringe and interior stands due to greater freshwater 
and sediment inputs, and (3) taller mangroves would 
have larger TECS, thus facilitating predictions based on 
both forest structure and climatic or physical attributes. 
The novelty of this study is the broad area encompassed 
with five continents and 16 countries across broad envi-
ronmental and physicochemical gradients, and the inclu-
sion of the entire belowground stocks vulnerable to loss 
with land cover change (i.e., up to 3 m in depth). 

METHODS 

Global comparisons 

An early objective of the SWAMP project was to 
establish a global network of mangrove sites where com-
position, structure, and C stocks would be quantified in 
a statistically comparable manner. We collected TECS 
data from mangroves in Central/North America (Costa 
Rica, Mexico, Honduras, Panama, Belize, Dominican 
Republic, and the USA); Western South America 
(Brazil); Central and West Africa (Gabon, Senegal, 
Liberia); Oceania (Papua Indonesia, Kosrae and Yap, 
Federated States of Micronesia, and the Republic of 
Palau); Southeast Asia (Indonesia); and the Middle East 
(United Arab Emirates) (Fig. 1). This global data set 
includes permanent plots in mangrove forests located on 
the shores of the Northern Indian Ocean, the Arabian/ 
Oman Gulf, the Eastern and Western Atlantic Ocean, 
and the Eastern and Western Pacific Ocean (Fig. 1). In 
addition, the studied mangrove sites occurred in a wide 
range of human-influenced environments such as rural 
protected areas, sites adjacent to indigenous fishing vil-
lages, and within protected areas of urban environments 
(e.g., Dubai United Arab Emirates [UAE], Libreville, 
Gabon). A total of 190 mangrove sites were included in 
this analysis (Appendix S1: Tables S1, S2). All sampled 
mangroves were relatively intact (minimally disturbed) 
except in some cases where selective tree harvest by local 

people had occurred. Clearly, offsite influences such as 
pollution, sediment regimes and hydrological alterations 
are now unavoidable in the estuaries and deltas of the 
world. Notable regions that were not sampled include 
Australia, the Pacific Coast of South America, East 
Africa, and South Asia. 

Field sampling 

Fieldwork was conducted from 2007 through 2017. 
All sampling was non-destructive and no trees were 
felled during sampling. The composition, structure, and 
TECS of the mangrove sites were measured following 
methods outlined by Kauffman and Donato (2012). At 
each site, we collected data necessary to determine spe-
cies composition, tree density, basal area, and total car-
bon stocks. Total ecosystem C stocks included both 
above- and belowground C stocks. Aboveground stocks 
consisted of standing live and dead trees and downed 
wood (dead wood on forest floor). Belowground stocks 
consisted of belowground tree biomass and soil organic 
C to the depths of indurated horizons of marine sands 
or bedrock. When soils exceeded 3 m in depth, we lim-
ited the scope of inference to a depth of 3 m. Therefore, 
our C storage estimates are conservative in cases where 
soil depth exceeded 3 m. Carbon-rich soils exceeding 
this depth are not uncommon in deltas and estuaries 
(Arifanti et al. 2019). 

Biomass of trees and shrubs 

At each sampled mangrove stand, five to six plots 
were established 20–25 m apart along randomly estab-
lished 100–125 m transects. All components necessary 
to determine ecosystem C stocks were collected in each 
plot (Appendix S1: Fig. S1). Composition, tree density 
and basal area were quantified through identification of 
the species and measurement of the mainstem diameters 
of all trees rooted within each plot. The plot size for trees 
>5 cm in diameter was 154 m2 (7 m radius). Trees 
<5 cm in diameter were measured in a nested plot of 
12.6 m2 (2 m radius). The diameter of Rhizophora spp. 
trees was measured above the highest prop root. Other 
mangrove species were typically measured at 1.3 m 
above the soil surface (see Kauffman and Donato [2012] 
for exceptions). 
Allometric equations were used to calculate tree bio-

mass for each site. Genus or species-specific formulas 
were utilized for determination of aboveground biomass. 
Belowground root biomass was calculated using a gen-
eral mangrove equation (Komiyama et al. 2008). Tree C 
was calculated by multiplying biomass by a factor of 
0.48 for aboveground and 0.39 for belowground biomass 
(Kauffman and Donato 2012). 
Standing dead trees were included when present in the 

aboveground biomass calculations. Dead trees were sep-
arated into three classes depending on the existing 
branches and twigs attached to the tree at the time of 
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FIG. 1. Locations of the sample plots for the carbon stocks analyses used in this study. Some locations are overlapped at this 
scale. 

sampling (reflecting decay status). Class I represented a 
recently dead tree with the majority of primary and sec-
ondary branches still attached to the tree. Class II dead 
trees had primary branches but had lost their finer sec-
ondary branches. Class III dead trees only had the main 
trunk (all branches lost). Biomass of class I dead trees 
was estimated to be 97.5% of a live tree (i.e., loss of foli-
age); class II, 80% of a live tree (i.e., loss of foliage and 
fine stems). Class III dead tree biomass (and stumps) 
was determined through measurement of diameter and 
height to determine volume, them multiplied by wood 
density. Dead aboveground vegetation biomass was con-
verted to C mass using the conversion ratio of 0.47 
(Kauffman and Donato 2012). 

Downed wood 

We used the planar intersect technique, adapted for 
mangroves, to calculate biomass of dead and downed 
wood (Van Wagner 1968, Kauffman and Donato 2012). 
At the center of each plot, four 14-m transects were 
established. The first was established in a direction that 
was offset 45° from the azimuth of the main transect. 
The other three were established 90° clockwise from the 
first transect. At each transect, the diameter of any 
downed, dead, woody material (branches, prop roots, or 
mainstems) intersecting the transect was measured. 
Downed wood ≥2.5 cm but <7.5 cm in diameter at the 
point of intersection was measured along the last 5 m of 
each transect. Downed wood ≥7.5 cm in diameter at the 
point of intersection was counted from the second meter 
to the end of the transect (12 m in total). Large downed 
wood was separated in two decay categories: sound and 
rotten. Wood was considered rotten when it visually 

appeared decomposed and easily broke apart. To deter-
mine mass, we used specific gravity of downed wood 
determined for mangroves of the same genera. Downed 
wood was converted to C using a factor of 0.50 (Kauff-
man and Donato 2012). The understory or litter mass in 
mangroves is generally negligible (Snedaker and Lah-
mann 1988, Kauffman et al. 2011) and was not quanti-
fied for this study. 

Soil carbon 

At each of the sampled mangrove plots, soil samples 
were collected to determine bulk density and C content. 
This was accomplished by extracting five or six soil cores 
in each sampled mangrove with an open-faced auger 
consisting of a semi-cylindrical chamber with an 18– 
23 cm2 cross-sectional area. This auger was efficient for 
collecting relatively undisturbed soil cores with minimal 
compaction (Donato et al. 2011, Kauffman and Donato 
2012). The soil core was systematically divided into 
depth intervals of 0–15 cm, 15–30 cm, 30–50 cm, 50– 
100 cm, and >100 cm (if indurated soil horizons or lay-
ers were not encountered before 100 cm in depth). A 5 
cm long sample of a known volume was then collected 
from the central portion of each depth interval. At each 
sampling plot, soil depth was determined by inserting a 
graduated aluminum probe until refusal (indurated soil 
horizons or layers such as bedrock or/marine sands) at 
three locations near the center of the plot. The probe 
length was ~3 m, which is the inference limit of study 
when mangrove soil depth exceeded 3 m. We determined 
soil carbon stocks of the entire profile depth as well as 
the mass of soil carbon limited to 1 m in depth. This 
facilitated what proportion the top meter of soils 
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comprised of both the total belowground carbon stock 
and the total ecosystem carbon stock. When soil carbon-
ates were high, both organic and inorganic C was deter-
mined following methods outlined in Fourqurean et al. 
(2014), which are designed to account for soils contain-
ing carbonates. 
Following soil sampling, samples were transported to 

laboratories, dried to constant mass at ≤65°C and then 
weighed to determine bulk density. In the laboratory, 
organic C concentrations for all soil samples were deter-
mined using the dry combustion method (induction fur-
nace). Prior to carbon analysis, we separated identifiable 
roots from the soils to be sampled. Soil C pools were 
obtained as the product of soil C concentration, bulk 
density, and plot specific soil depth measurements. 
Interstitial salinity and pH were measured from pore-

water samples collected in the core holes using portable 
handheld refractometers and pH meters following meth-
ods described in Kauffman and Bhomia (2017). Care 
was taken to ensure that no surface water mixed with the 
porewater. Porewater was sampled at each soil sampling 
plot (n = 6 in each sampled stand). Precipitation and 
tidal range data were collected from the closest meteoro-
logical and tidal gauges to the sampled stands. 

Geomorphic and structural classifications 

Mangroves were separated into structural and geo-
morphic classes similar to those defined by Murray et al. 
(2003) and Adame et al. (2013). The height classes 
included (1) tall mangroves with a mean height >10 m 
and usually occurring on the margins of rivers and estu-
aries; (2) medium mangroves that form dense stands of 
trees of 3–10 m in height, usually as interior forest envi-
ronments in areas of higher precipitation but also on 
estuarine margins in semiarid environments; and (3) low 
mangroves, composed of dense stands of trees whose 
heights are <3 m and usually occur inland of riverine/es-
tuarine margins and ecotonal to upland ecosystems. 
We partitioned all of the sites based on geomorphic 

position in a manner modified to that first described by 
Lugo and Snedaker (1974) and further defined in 
Adame et al. (2014) and Kauffman et al. (2014). The 
geomorphic positions were (1) fringing, mangroves 
occurring along the fringes of protected shorelines and 
islands and often ecotonal to coastal strand communi-
ties; (2) estuarine or riverine, mangroves occurring in 
estuaries and usually ecotonal to open water; (3) interior, 
mangroves occurring further inland and ecotonal to the 
interior of fringing or estuarine mangroves. 

Analysis 

Differences in C stocks between different regions, geo-
morphological positions (e.g., fringe, estuarine, interior), 
mangrove species and height classes (low, medium, tall) 
were tested with one-way analysis of variance (ANOVA). 
Differences between the size classes within regions and the 

same size classes among regions were also tested using an 
ANOVA. If significant, a least significant difference 
(LSD) multiple comparison test was utilized to determine 
where differences existed. Dependent variables for all of 
these analyses included the TECS, the total aboveground 
carbon stock, the total belowground carbon stock and the 
soil carbon stock limited to the 0–100 cm depth. We also 
tested for differences in TECS on the basis of precipitation 
by testing for differences between four precipitation 
classes (>1,000 mm, 1,000�2,000 mm, 2,000–3,000 mm, 
>3,000 mm of annual precipitation). How salinity may 
influence TECS was first examined by testing for differ-
ences in mangroves separated into four porewater salinity 
classes (<15 PSU, 15–30 PSU, 30–40 PSU, >40 PSU). 
Effects of latitude were first tested by examining differ-
ences in TECS of mangroves in four zones of latitude 
(equatorial 0–2°, 2–10°, 10–20°, >20°). 
To assess the degrees of influence of physical and cli-

matic variables on C stocks, we developed regression 
models using precipitation, salinity, tidal range, latitude, 
tree mass, and soil depth as predictive variables and 
aboveground, belowground, and total ecosystem C 
stocks as response variables. Linear, exponential, and 
power curves were examined to determine the most suit-
able relationships. 
We used multiple regression approaches to develop 

predictive models for estimating ecosystem C stocks 
based on climatic, physical, and aboveground biomass 
parameters. Our primary objective was to determine the 
strength of possible relationships between ecosystem C 
stocks and variables that can be obtained via remote 
sensing (tree mass, longitude), climatic stations (precipi-
tation, tidal range) or easily measured in the field (soil 
depth, soil porewater salinity, soil pH, tree mass). We 
used ordinary least-squares regression to determine the 
results from all possible regression combinations. To 
address multicollinearity, we developed a correlation 
matrix for all coefficient estimates. We eliminated any 
combinations of variables that were strongly correlated 
(Pearson rank correlation > 0.50). We ran these analyses 
for all mangrove sites combined and separately for those 
dominated by the most abundant genera encountered in 
mangroves throughout the world: Rhizophora spp. and 
Avicennia spp. 
We also evaluated a posteriori the performance of the 

predictive regression models by measuring the deviation 
of the predicted vs. measured means of TECS at regio-
nal/continental scales: To eliminate circular bias, the 
equations utilized to predict TECS for a given region 
were generated using data only from other regions. For 
example, in predicting the TECS of Asian mangroves, 
we developed the predictive equation from data coming 
from all sites except Asia. 

RESULTS 

Mangrove forests exist in a very broad range of envi-
ronmental conditions, and the sampled mangrove sites 
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reflected the broad precipitation, salinity, tidal, and lon-
gitudinal gradients in which they exist (Appendix S1: 
Table S1). For example, the mean annual precipitation 
of sites ranged over 50-fold from 75 to >3,500 mm/yr 
and porewater salinity ranged from 0 to 96 PSU. The 
latitudinal range of our sampling was from 7° S (Java,  
Indonesia) to 27° N (USA and the UAE) and the longi-
tudinal range varied from 92° W in Mexico to 162° E in  
Kosrae (FSM) (Fig. 1). Soil depths ranged from 22 cm 
(UAE) to >300 cm in many estuarine mangroves (>80 
sites). 
Across the sites, there was a 28-fold difference in TECS 

(Fig. 2). The TECS of the individual mangrove sites ran-
ged from 79 to 2,208 Mg C/ha. There were also very 
large differences in aboveground C stocks ranging from 1 
to 501 Mg C/ha while belowground C stocks ranged 
from 46 to 2,076 Mg C/ha. The global TECS mean 
� SE of the sampled mangroves was 856 � 32 Mg C/ha. 
The global mean aboveground C stock was 115 � 7 Mg  
C/ha and the mean belowground C stock was 
741 � 30 Mg C/ha. There was large variability in pat-
terns of C sequestration within mangroves; below-
ground : aboveground ratios ranged from 1.2 to 331.0 
with a mean of 21.0. 
While most of the carbon in mangrove is partitioned 

into belowground pools, there is a tremendous variation 
among individual sites (46–2,076 Mg C/ha; Appendix S1: 
Table S2). There were profound and significant differ-
ences in the belowground carbon stocks comparing 

different regions; those of Southeast Asia. Oceania, 
and Central America exceeded 870 Mg C/ha, while 
those of the Middle East were about 180 Mg C/ha 
(Table 1). 
Soil carbon pools at depths of 0–100 cm ranged 

over 23-fold among individual sites from 33 to 
789 Mg/ha. Similar to the total belowground C pools, 
the mean pools of the top 1 m of soils in Oceania and 
Southeast Asia were significantly greater (>400 Mg C/ 
ha) that those of the Middle East or Central America. 
The top 1 m of the soil horizon accounted for a mean 
of 43% of the total ecosystem carbon stock with a 
range of 11%–98% of the TECS of the individual sites. 
In the relatively shallow soils of the Middle East con-
taining lower total plant pools, this soil component 
comprised 55% of the TECS compared to <40% in 
mangroves of Oceania, Southeast Asia, and West 
Africa (Table 1). 

Carbon stocks separated by continents and regions 

There was a significant difference in TECS 
(P = 0.002), aboveground C stocks (P < 0.0001) and 
belowground C stocks (P = 0.04) at continental scales 
(Table 1). The largest TECS were found in Oceania 
(1,156 Mg C/ha) and were significantly greater 
(P < 0.05) than all other continents (Table 1). Similarly, 
the lowest ecosystem C stocks were found in the 
hyperarid, hypersaline, Middle East mangroves (217 Mg 

FIG. 2. The range in total ecosystem carbon stocks (Mg C/ha) of 190 mangroves from the Americas, Asia, Africa, and Oceania. 
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TABLE 1. Total ecosystem carbon stocks, total aboveground carbon stocks, total belowground stocks, and carbon mass of soils at 
depths of 0–100 cm for mangroves partitioned by continent and geographic region. 

Carbon stocks (Mg C/ha) 

Total ecosystem 
Total above-

ground 
Total below-

ground Soils (0–100 cm) 

Geographic region/Continent Mean SE Mean SE Mean SE Mean SE N 

84.4a,2,3 716.3a,b,2 West Africa 800.7a,3 57.2 14.1 54.6 278.4a,2 16.5 33 
Asia 772.6a 61.6 112.5a 12.1 660.3a 54.4 294.8a 20.4 59 
Middle East 217.01 30.1 37.31 7.8 179.71 24.0 110.81 11.6 18 
Southeast Asia 1016.54,5 53.6 145.54 14.4 871.32,3 49.7 375.63 17.5 41 
Oceania 1141.25 69.8 254.8b,5 22.2 886.2b,2,3 55.9 447.9c,4 19.0 25 
Americas 850.9a 53.7 82.7a 7.6 768.2a,b 53.8 350.9b 19.9 73 
Central America 948.73,4 60.4 71.71,2 8.2 877.13 59.2 401.9,4 20.0 58 
South America 472.92 42.7 125.23,4 14.6 346.71 37.6 154.91 11.7 15 
Grand Total 856.1 32.1 114.9 7.2 741.2 29.5 333.7 11.2 190 

Notes: There was a significant difference in total ecosystem carbon stocks (P = 0.002), aboveground carbon stocks (P = 0.0000), 
belowground carbon stocks (P = 0.04), and soils 0–100 cm depth (P < 0.0001) at continental scales (i.e., West Africa, Asia, Ocea-
nia, and the Americas). Different superscripted letters denote significant differences among these continents (P ≤ 0.05). Similar sig-
nificant differences were found at the geographic regional scale (e.g., Middle East, Southeast Asia, Central America, South 
America, etc.) where specific differences (P ≤ 0.05) are denoted by different superscripted numbers. 

C/ha; P < 0.05). Mangroves of South America had a rel-
atively low mean C stock of 473 Mg C/ha, but sampling 
was limited to Brazil on highly weathered coarse-
textured soils with high tidal ranges (Kauffman et al. 
2017b, 2018b). The mean C stock of mangroves of Cen-
tral/West Africa mangroves was 801 Mg C/ha, and those 
of the Central/North America and Southeast Asia were 
949 and 1,017 Mg C/ha, respectively. 

Species dominance and carbon stocks 

Rhizophora-dominated mangroves (R. mangle, R. race-
mosa, or  R. apiculata) constituted 66% (n = 126) of the 
sampled sites (Table 2). Avicennia (e.g., A germinans, A. 
marina, etc.) was the next most widespread genus, 
dominant in 15% (n = 29) of the sampled stands, and 
was frequently co-dominant with Rhizophora spp. 
(Appendix S1: Table S2). Mangrove forests dominated 
by Rhizophora spp. and Avicennia spp. ranged in height 
from <1 m to  >25 m and were found on all geomorphic 
settings (fringe, interior, and estuarine). Stands domi-
nated or co-dominated by Laguncularia racemosa were 
common in the Americas and were predominately tall or 
medium in stature. Stands dominated by Bruguiera spp. 
and Sonneratia spp. were abundant in Oceania and Asia, 
and the palm Nypa fruticans was also a common man-
grove species in Oceania and Asia. 
A differentiating feature between the stands domi-

nated by Avicennia spp. and that of other species was 
porewater salinity (Appendix S1: Table S2). The mean 
porewater salinity in stands dominated by Avicennia spp. 
was 44 � 4 PSU. In contrast, mean porewater salinity 
of Rhizophora-dominated stands was 28 � 1 PSU 
(P ≥ 0.05), and that of all other stands was <21 PSU. 
Total ecosystem C stocks of the sampled stands domi-

nated by Avicennia spp. were significantly lower 

(P < 0.05) than stands dominated by other genera 
(418 Mg C/ha compared to >900 Mg C/ha; Table 2). 
Nevertheless, A. germinans or A. marina were a common 
co-dominant in many sites with large TECS (Appen-
dix S1: Table S1). There was no significant difference in 
belowground C stocks among genera with the exception 
of significantly lower C stocks in Avicennia spp. In addi-
tion, TECS varied widely within stands dominated by 
the same species, including those dominated by Avicen-
nia spp., which ranged from 79 to 1,305 Mg C/ha 
(Fig. 3). Similarly, TECS of Rhizophora-dominated 
stands ranged from 154 Mg C/ha to the largest C stock 
sampled: 2,207 Mg C/ha. 
The lower ecosystem C stocks of Avicennia spp. are 

reflective of A. marina dominance in the most hyper-
saline and hyperarid environments where mangroves 
occur. For example, it was the sole species in the UAE. 
Avicennia nitida dominated the most saline habitats in 
arid Senegal (Appendix S1: Table S2). 

Geomorphic position 

We hypothesized that geomorphic position would 
result in different C stocks, predicting that estuar-
ine mangroves would have higher C stocks due to 
lower salinities, greater inputs of sediment, and usu-
ally greater aboveground stature (Krauss et al. 
2010). While aboveground C stocks in estuarine 
mangroves were significantly greater than those of 
interior mangroves (P ≥ 0.05), there were no signifi-
cant differences (P = 0.36) in TECS among estu-
arine, fringing, and interior mangroves. Total 
aboveground C stocks were 78 Mg C/ha in the 
interior mangroves, and 114 and 131 Mg C/ha in 
the fringing and estuarine mangroves, respectively. 
Mean TECS were 872 Mg C/ha for estuarine 
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TABLE 2. Total ecosystem carbon stocks (mean � SE) of mangroves based on the species dominance of the overstory. 

Carbon stocks (Mg/ha) 

Genus 
Dominance 

Sample 
size 

Total ecosystem 
(P ≤ 0.00) 

Aboveground 
(P ≤ 0.00) 

Belowground 
(P ≤ 0.00) 

Soil carbon limited 
to 0–100 cm (P ≤ 0.00) 

Avicennia 29 418.3a � 62.0 56.7a � 9.5 361.6a � 57.2 166.7a � 24.4 
Rhizophora 
Laguncularia 
Sonneratia 

126 
7 
8 

900.8b � 35.9 
942.8bc � 254.2 
982.9bc � 159.5 

113.3b � 8.3 
75.2ab � 10.6 
206.4c � 52.4 

782.8b � 34.6 
862.1b � 250.2 
779.1b � 112.7 

360.5b � 12.3 
341.0b � 92.8 
370.6b � 35.3 

Bruguiera 
Nypa 

13 
5 

1226.6c � 98.5 
992.8bc � 51.0 

250.4c � 30.7 
60.0ab � 12.0 

976.2b � 92.0 
932.8b � 52.2 

437.2b � 34.1 
309.4b � 19.6 

Note: Different superscripted letters denote a significant difference (P ≤ 0.05) in carbon stocks between the different mangrove 
types. 

FIG. 3. A scattergram of the ecosystem carbon stocks of 
sampled mangroves separated by the dominant genera in each 
sampled stand. 

mangroves and ~780 Mg C/ha for fringing and inte-
rior mangroves (Fig. 3B). 

Forest structure 

We predicted that ecosystem C stocks of tall man-
groves (>10 m height) would exceed that of medium 
(3–10 m) and low-stature mangroves (<3 m). As would 
be expected, aboveground C stocks of tall mangroves 
(154 � 9 Mg C/ha) were significantly greater than that 
of medium (87 � 12 Mg C/ha) and low mangroves 
(21 � 9 Mg C/ha; Fig. 4B). However, there were no sig-
nificant differences in belowground C stocks based on 
forest stature (P = 0.21). In terms of TECS, tall man-
groves (930 � 40 Mg C/ha) were significantly greater 
than those of low mangroves (652 � 93 Mg C/ha), but 
not medium mangroves (815 � 60 Mg C/ha; Fig. 4B). 
Among the forest stature classes, porewater salinity 

(P < 0.001) and precipitation (P < 0.001) differed 

significantly. Mean precipitation was greater in tall man-
groves (2,534 mm) compared to the others. Mean pre-
cipitation was also greater in medium mangroves 
(1,993 mm) compared to low mangroves (1,439 mm). 
However, it is common to find low, medium, and tall 
mangroves ecotonal to one another within the same 
estuary. Mean porewater salinity in tall mangroves 
(22 PSU) was less than half of that in low mangroves 
(46 PSU); mean porewater salinity in medium man-
groves was 32 PSU (Appendix S1: Table S2). 

Relationships between aboveground and belowground 
carbon stocks 

Because tall mangroves were significantly greater in 
total aboveground C stocks, we hypothesized that above-
ground C stocks could predict belowground C stocks 
and TECS. We found a very poor relationship between 
aboveground C and either TECS (r2 = 0.24) or below-
ground C stocks (r2 = 0.11; Figs. 5A,B). Given the wide 
variation (scatter) in relating aboveground and TECS, 
the hypothesis that aboveground forest C stocks can reli-
ably predict TECS is not practically tenable. For exam-
ple, mangroves with aboveground C stocks that were 
<100 Mg C/ha had total ecosystem C stocks ranging 40-
fold from <50 to >2,000 Mg C/ha (Fig. 5A,B). 

Relationship between carbon stocks and physicochemical 
ecosystem features 

We found significant differences (P ≤ 0.0001) in TECS 
among the four precipitation classes. The mean TECS of 
mangroves in landscapes receiving ≤1,000 mm precipita-
tion was 465 Mg C/ha and was 795 Mg C/ha for man-
groves in landscapes receiving 1,000–2,000 mm annual 
precipitation. The mean TECS of mangroves within the 
annual precipitation classes exceeding 2,000 mm was 
significantly greater (≥999 Mg C/ha) than those within 
precipitation classes <2,000 mm. 
Mangroves from hyperarid zones had lower ecosys-

tem C stocks than those from landscapes with precipi-
tation >2,000 mm (P = 0.05). For example, the mean 
TECS of mangroves from the UAE (≤135 mm annual 
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FIG. 4. Ecosystem carbon stocks of mangroves based on (A) geomorphic position (estuarine N = 98, fringe N = 62, and basin/ 
interior N = 21) and (B) forest overstory height (low N = 24, medium N = 66, and tall N = 103). Different letters above the bars 
denote a significant difference (P ≤ 0.05) in total ecosystem carbon stocks. Different letters next to the bars denote a significant dif-
ference (P ≤ 0.05) when testing for differences in the aboveground and belowground carbon stocks. 

FIG. 5. (A) The relationship of total aboveground carbon with total ecosystem carbon stock (Mg C/ha) and (B) the relationship 
of total aboveground carbon belowground ecosystem carbon stock (Mg C/ha). 

precipitation) was 217 Mg C/ha. In contrast, those 
from Liberia (3,346 mm precipitation) were 950 Mg C/ha 
(Appendix S1: Table S1; see also Schile et al. 2017 and 
Kauffman and Bhomia 2017). However, there is com-
monly a wide range in TECS of individual stands 
within estuaries where climatic conditions would not 
vary. For example, within a single estuary in Liberia, 
the TECS varied by over fourfold, ranging from 366 
to 1,485 Mg C/ha (Appendix S1: Table S2). In the arid 
Saloum Delta, Senegal (650 mm precipitation), TECS 
ranged from 296 to 941 Mg C/ha, also demonstrating 
that even some arid mangrove stands can store signifi-
cant quantities of C that often exceed the global mean 
TECS. This wide range in variation of TECS is com-
mon within many watersheds explaining why there was 
only a moderately strong relationship, best explained 
by a power model, between TECS and precipitation 
(r2 = 0.45; Fig. 6A). Averaging C stocks sampled at all 

sites within the same precipitation zones improved the 
model moderately (r2 = 0.61; Fig. 6B). As predicted, 
we observed lower ecosystem C stocks in locations 
with lower precipitation and higher C stocks in loca-
tions of higher precipitation; however, a linear model 
only explains about 21% of the variation. The great 
variation in C stocks with similar precipitation regimes 
suggests that precipitation alone does not accurately 
predict ecosystem C stocks. 
We hypothesized that TECS would decrease with 

increasing latitude, salinity, and tidal range. While there 
is a statistically significant relationship between TECS 
and each of these variables (P ≤ 0.02), there was a very 
weak relationship (Figs 7A–C). Similar to precipitation, 
the great variation in the TECS of stands within similar 
tidal ranges, latitude, and salinity levels suggests that 
generalizations at the stand level based on such relation-
ships are not tenable. 
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FIG. 6. The relationship of total ecosystem carbon stocks (Mg C/ha) with precipitation (mm) (A) where all sites are included 
and (B) where total stocks in locations with the same precipitation are averaged. 

FIG. 7. The relationship of total ecosystem carbon stocks (Mg C/ha) with (A) latitude (degrees from the equator), (B) salinity 
(PSU), (C) tidal range (m), and (D) soil depth. Total ecosystem carbon stocks are best explained by a polynomial equation when lat-
itude and tidal range are the explanatory variables. For salinity, total carbon stocks are best explained by an exponential equation, 
and soil depth is best explained by a power equation. 

There were significant differences in TECS among 
mangroves on the basis of porewater salinity 
(P < 0.0001). The mean TECS in sites with salinity con-
centrations >40 PSU was 425 Mg C/ha while those in 
sites <40 PSU exceeded 826 Mg C/ha (P < 0.05). Simi-
larly, mangroves of the highest latitudes (>20°) had mean 
TECS significantly lower than those at lower latitudes 
(i.e., 423 vs. >908 Mg C/ha). 
In developing practical multivariate predictive equa-

tions of TECS based on climate, physiochemical and 
vegetation parameters, we detected multicollinearity 

only between the variables of precipitation and porewa-
ter salinity. We therefore only included precipitation, 
rather than porewater salinity in the models. First, we 
developed a predictive equation using variables that 
could be readily obtained via nearby weather stations, 
remote sensing or with a geographic positioning system 
(i.e., precipitation, tidal range, and latitude). This equa-
tion accounted for about 28% of the variation (adjusted 
R2 = 0.27; Table 3). Next, we added tree biomass to the 
equation, which is a variable that can be obtained 
through field measurements (inventories) or may be 



May 2020 MANGROVE ECOSYSTEM CARBON STOCKS Article e01405; page 11 

obtained via remote sensing (e.g., Simard et al. 2018). 
This resulted in a predictive model with an R2 = 0.39 
(adjusted R2 = 0.38). An equation using latitude, precip-
itation, and soil depth as variables (parameters mea-
sured in all 190 sites) accounted for 37% of the variation 
(Adjusted R2 = 0.36). Adding tree biomass to this equa-
tion improved the model moderately (R2 = 0.51). The 
variables within this model showed a clear relationship 
with TECS (Fig. 8). However, these variables exhibited a 
large degree of heteroscedasticity as variation around 
the trend line increased with increasing TECS. Finally, 
including tidal range and soil pH with the variables 
above yielded and equation accounting for the greatest 
amount of variation (R2 = 0.67, and an adjusted 
R2 = 0.64). However, the sample size for development of 
this model was only 96 (Table 3). 
Including tree biomass, latitude, precipitation and soil 

depth to predict TECS resulted in a large scatter around 
the trend line suggesting uncertainty in using this model 
for predicting TECS for individual sites (Fig 9). Never-
theless, the model does provide a reasonable mean esti-
mate at global and continental scales when a large 
number of sites are included to determine the estimate. 
For example, using the predicted TECS from all of 
the sampled sites yields mean global estimate of 856 Mg 
C/ha (Fig. 9). The predicted mean estimates at continen-
tal scales were within 28% of that of the measured results 
with the exceptions of the Middle East and South Amer-
ica; the sites with the lowest mean ecosystem stocks. The 
predictive equations grossly overestimated TECS of 
Middle East sites by 161% (i.e., 217 Mg C/ha for the 

actual and 567 Mg C/ha for the predicted). While not 
likely to yield satisfactory estimates for individual 
stands, the reasonable estimates of TECS at the conti-
nental scales (except for the arheic sites of the Middle 
East) suggest that these models can be used to predict 
the mean TECS at large scales if the analysis includes 
data collected at multiple sites in the region (such as an 
inventory where such data would be collected). 

DISCUSSION 

In a review of ecosystem C stocks of forest and marine 
ecosystems on an area-specific basis, Alongi (2014) con-
cluded that mangrove forests store more C than many 
other forested ecosystems, especially in their soils. Our 
study supports this observation. Mangroves have a glo-
bal mean TECS of 853 Mg C/ha (this study), compared 
with ~197–518 Mg C/ha for upland tropical forests, 
593 Mg C/ha for salt marshes, and 142 Mg C/ha for sea-
grasses (Jobse 2008, Donato et al. 2012, Fourqurean 
et al. 2012). 
The mean aboveground C stocks reported here are 

lower than that reported by Donato et al. (2011) and 
Pendleton et al. (2012) but higher than modeled esti-
mates given by Hutchison et al. (2014) and Simard et al. 
(2018) (Table 4). Our estimated mean TECS are also 
somewhat lower than that of Donato et al. (2011) for 
mangroves of the Indo-Pacific region (1,023 Mg C/ha) 
but slightly higher than their scaled estimate of global 
mean mangrove C stocks (~800 Mg C/ha). Our 
estimate is also lower than that of Alongi (2014; 

TABLE 3. Predictive equations for total ecosystem carbon stocks of mangroves based on variables possible to collect via remote 
sensing, weather stations, or simple measurements in the field. 

Variables in the model R2 Adj R2 SE MAE N Equation 

All mangroves 
Tree mass, Latitude, 
Precipitation, Tidal range, Soil 
pH, Soil depth, 

67 

Tree mass, Latitude, 
Precipitation, soil depth 

51 

Latitude, Precipitation, Soil 37 
depth 
Tree mass, Latitude, 
Precipitation, tidal range 

40 

Latitude, Precipitation, tidal 
range 

28 

Rhizophora spp. 
Tree mass, Latitude, 
Precipitation, Tidal range, Soil 
pH, Soil depth 

63 

Avicennia spp. 
Precipitation. Tidal range, Soil 
depth 

87 

64 277 185.5 

50 313 228.1 

36 354 266.2 

38 346 257.0 

27 376 280.4 

59 263 173.3 

85 129 95.4 

96 �1077.3 + 1.59 9 Tree mass + 9.18 9 Latitude + 
0.21 9 Precipitation � 115.23 9 Tidal range + 127.57 9 
Soil pH + 2.23 9 Soil depth 

190 �437.8 + 1.89 9 Tree mass + 20.28 9 Latitude + 
0.19 9 Precipitation + 2.30 9 
Soil depth 

190 �192.00 + 12.94 9 Latitude + 0.20 9 Precipitation + 
2.23 9 Soil depth 

167 440.40 + 2.14 9 Tree mass � 1.55 9 Latitude + 
0.21 9 Precipitation – 142.03 9 Tidal range 

168 633.06 � 5.77 9 Latitude + 0.22 9 Precipitation � 
126.10 9 Tidal range 

65 �1412.0 + 1.39 9 Tree mass + 21.88 9 Latitude + 
0.14 9 Precipitation � 85.43 9 Tidal range + 175.24 9 
Soil pH + 2.53 9 Soil depth 

29 153.11 + 0.26 9 Precipitation � 124.44 9 Tidal range + 
0.84 9 Soil depth 

Notes: R2 denotes the percentage of the variability in total ecosystem carbon is explained by the equation. The adjusted 
R-squared statistic (Adj R2), is more suitable for comparing models with different numbers of independent variables such as 
presented here. The standard error of the estimate is the standard deviation of the residuals The mean absolute error (MAE) is the 
average value of the residuals. N denotes the total number of sampled mangroves used to develop equations. 
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FIG. 8. The relationship between actual total ecosystem carbon stocks measurements and predicted ecosystem carbon stocks. 
The variables in the predictive model include precipitation (mm), aboveground tree carbon (Mg C/ha), soil depth (cm), and latitude 
(degrees from the equator); n = 190 observations. 

956 Mg C/ha) and Pendleton et al. (2012; 933 Mg C/ha; 
Table 4). Their estimates were based on data largely col-
lected from Oceania and Southeast Asia, which have lar-
ger ecosystem C stocks than other regions (Table 1; 
Fig. 9). In contrast, the present study encompassed a 
wide range of precipitation, tidal range, latitude, and 
composition in which mangroves occur, and therefore 
presents a more realistic estimate of the mean and varia-
tion in TECS of mangroves globally. 
It is important to apply mean values cautiously 

(or default values such as those provided in IPCC 2014) 
as mangrove ecosystem C stocks at the site scale ranged 
from 79 to 2,208 Mg C/ha. Further, there were signifi-
cant differences in TECS when testing for differences 
among both continents and countries (Fig. 9). However, 
multiplying the area of mangroves from the sampled 
continents (Spalding et al. 2010) by the mean continen-
tal values of TECS from this study only changed the glo-
bal mean estimate by about 4.1% to 885 Mg C/ha. This 
suggests that our sample of 190 mangrove sites across 
the globe is a good representation of the range and mean 
TECS for this blue carbon ecosystem. 
There are many compelling reasons for improved 

quantification of mangrove C stocks as well as other 
blue carbon ecosystems. They are among the most car-
bon-dense of tropical ecosystems, and when deforested 
and converted to agriculture or aquaculture, their cumu-
lative GHG emissions far exceed that from uplands 
(Pendleton et al. 2012, Sanders et al. 2016, Kauffman 
et al. 2017a). The global estimates of GHG emissions 

following land-use change, especially aquaculture, are 
likely underestimated due to use of low baseline esti-
mates for soil C stocks and large underestimates of aver-
age emissions and C losses, which are as high as 85% of 
the TECS (Kauffman et al. 2017a, 2018b). For example, 
global soil GHG emissions from mangrove removal has 
been estimated to be 7.0 Tg CO2e/yr (Atwood et al. 
2017) at a rate of forest removal of 0.2% per yr (Hamil-
ton and Casey 2016). However, global estimates of 
ecosystem C stocks (283 Mg C/ha; Duarte et al. 2013) 
and emissions following land-use change (43% of C rem-
ineralized at the top 1 m soils; Atwood et al. 2017) are 
less than half of what they would be using the mean glo-
bal results based on TECS measurements (this study; 
Kauffman et al. 2017a). 

Comparison with IPCC values 

The large C stocks, high rates of mangrove deforesta-
tion, and subsequent high GHG emissions points to the 
relevance for inclusion of mangroves in nationally 
appropriate climate change mitigation and adaptation 
strategies, which necessitates accurate quantification of 
ecosystem C stocks (IPCC 2014). The methods utilized 
to quantify C stocks in this study would provide verifi-
able and reliable results for quantification. In addition, 
global default values at regional (Tier 2) and global (Tier 
1) scales are in need of refinement given the paucity of 
published data prior to 2013. Mean C stocks presented 
here are substantially higher than the global default 
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FIG. 9. Ecosystem carbon stocks (Mg C/ha) of intact mangroves from sampled continents and global means. Letters above the 
bars of measured ecosystem carbon stocks (green and brown bars) represent a significant difference (P ≤ 0.05) between the conti-
nents. The violet bars are predicted (pred) ecosystem carbon stocks based on multiple regression analysis. SE, southeast; N & C 
Am, North and Central America. The hatched bar represents the current IPCC default values extracted from (Intergovernmental 
Panel on Climate Change (IPCC) 2014). 

value given in Intergovernmental Panel on Climate 
Change (IPCC) (2014), which is ~511 Mg C/ha (Fig. 9; 
Table 4). Belowground C stocks comprised ~ 84% of 
the IPCC estimate (428 Mg/ha). The IPCC value is 
341 Mg C/ha lower or only about 60% of our calculated 
global mean, and is much lower than results of man-
grove ecosystem C stocks for Africa, Asia, Oceania, and 
the Americas (Fig. 9). 
Given the larger sample size (n = 190) from a much 

wider range of environments and species dominance, 
this study suggests the global mean data presented here 
is more reflective of global conditions than that pre-
sented by Intergovernmental Panel on Climate Change 
(IPCC) (2014). In a study of land-use change in man-
groves, mean GHG emissions from conversion of man-
grove to shrimp ponds and cattle pastures were 
2,033 Mg CO2e/ha (Kauffman et al. 2017a). This C 
loss (equivalent to 554 Mg C/ha) exceeds the entire 
IPCC default value for ecosystem C stocks in man-
groves (Intergovernmental Panel on Climate Change 
(IPCC)  2014).  The sample  size for  the IPCC default  
values was 119 for soils and 72 for vegetation (Inter-
governmental Panel on Climate Change (IPCC) 2014). 
We suggest using the mangrove ecosystem C stock 

values in Table 1 to improve default values of man-
groves at both regional and global scales. 

Sampling approaches 

Given that soils are the largest component of carbon 
pools and the greatest source of GHG emissions when 
disturbed their accurate measurement or representation 
is important. While belowground C comprised a mean 
of 85% of all mangroves, it frequently accounts for >96– 
99% of the ecosystem C stock, especially in medium-
and low-stature mangroves (Fig. 3B). Sanders et al. 
(2016) also found that belowground C stocks accounted 
for ~ 85% of the TECS in mangroves. 
The sampling protocol for all mangroves in this study 

included determining soil C to indurated layers/horizons 
(e.g., marine sands, coral gravels) or to a default value of 
3 m when soils exceeded this depth. The mean depth of 
soils in this study was 216 cm (with a range of 22 cm to 
>300 cm) and only 26 sampled sites (13%) had a mean 
soil depth of ≤1 m. The mean soil depth of 68 sites 
(35%) exceeded 300 cm. This suggests that extrapola-
tions to depths in order to estimate global stocks are 
going to be problematic. For example, we could not find 
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TABLE 4. Global estimates of mean ecosystem carbon stocks of mangroves at the site level (Mg C/ha) and global level (Pg C). 

Site level (Mg C/ha) 

Soil OC 
limited 
to 1 m 

Soil OC 
whole profile 
(or 3 m) 

Global carbon 
stock estimate 

(Pg C)† 
Aboveground 

C Source TECS Notes 

This study 115 334 741 856 11.7 uniformly sampled plot data from 
five continents; measured soil horizon 
depths 

Donato et al. 
(2011) 

159 NR 864 1023 4.0–20 field data from the Indo-Pacific; only 
a range in global stocks provided 

Pendleton et al. 
(2012) 

NR NR NR 933 13.5 literature–derived carbon estimates 

Sanderman 
et al. (2018) 

NR 361 758 NR 12.6 model derived carbon estimates from 
literature values; soils limited to 2 m; 
global storage of 6.4 Pg to 1 m depth 

Alongi (2012, 2014) 123 NR 814 937 NR literature–derived carbon estimates 
limited to Australia and Southeast 
Asia 

Hutchison et al. 
(2014) 

89 NR NR NR NR only aboveground data reported 

Jardine and 
Siikamaki (2014) 

NR 369 NR NR 5.0 limited to 1 m depth 

Atwood et al. 
(2017) 

NR 283 NR NR 4.4 literature–derived carbon estimates; 
soils limited to 1 m depth 

Simard et al. 
(2018) 

62 NR NR NR 5.03 models based on remotely sensed forest 
heights; global estimate includes soils 
data from Atwood et al. (2017) 

IPCC (2014) 83 428 NR 511 NR literature–derived carbon estimates 

Note: OC, organic carbon; NR, not reported or determined; TECS, total ecosystem C stocks. 
† In addition to the above citations Sanders et al. (2016) reported global carbon stock estimate of 11.2 Pg C extrapolating to 2 m 

soil depth. Additional studies limiting soil stocks to a 1 m depth include Rovai et al. (2018; 2.3 Pg C) and Hamilton and Friess 
(2018; 4.19 Pg C). 

any strong relationship of depth with the other biotic 
and physical variables measured. Depth was only weakly 
correlated with porewater salinity (r2 = 0.17), latitude 
(r2 = 0.14) and precipitation (r2 = 0.17; Appendix S1: 
Table S2). 
Some of the differences in the mangrove soil C mass 

reported in the literature are reflective of the varying 
arbitrary depths to which soil C pools were measured or 
modeled. Some studies of mangrove C stocks and losses 
by land use have limited C stock measurements to the 
top 1 m of soils (e.g., Twilley et al. 2018, Hamilton and 
Friess 2018; Table 4). We found the mean soil carbon 
stock to be 741 Mg C/ha, which is similar to other stud-
ies that have either directly measured soil carbon stocks 
or extrapolated them to ≥2 m. (Table 4) Carbon pool 
estimates limited to a 1 m depth are less than half (i.e. 
<261 Mg C/ha; Table 4) of those estimated that included 
the entire profile. 
Is the C below 1 m vulnerable to loss and therefore 

important to consider in terms of C accounting? When 
mangroves are converted to other land uses, the C losses 
are high because large quantities of C formerly stored in 
their suboxic/anoxic soils are subjected to accelerated 
rates of aerobic decomposition resulting in potentially 
large GHG emissions (Pendleton et al. 2012, Kauffman 
et al. 2017a, b). Land use in mangroves has been shown 

to affect soil properties, including C contents, at depths 
of 1–3 m (Ong 1993, Kauffman et al. 2014, 2016). For 
example, soils >1 m depth in both cattle pastures and 
shrimp ponds converted from mangroves were found to 
be higher in bulk density but lower in C concentration, 
C density, and C mass (Kauffman et al. 2014, 2016, Ari-
fanti et al. 2019). Soil C losses from depths >1 m can be 
quite significant. Kauffman et al. (2016) reported that 
soil C losses from conversion of mangrove to cattle 
pasture in Mexico totaled 399 Mg C/ha when sampling 
was limited to the top 1 m of soil. However, emissions 
were 889 Mg C/ha when losses included C in soils at 
depths up to 3 m. In other words, 55% of the soil C loss 
due to land-use change originated from soils >1 m  
depth. Arifanti et al. (2019) quantified the impact of dis-
turbance on the loss of soil carbon in 10 paired man-
grove/shrimp pond sites in Indonesia, and found that 
their estimates of C losses differed 8-fold depending on 
whether they measured the top 1 m of soil (44 Mg C/ha) 
or the top 3 m of soil (393 Mg C/ha). 

Factors affecting ecosystem carbon stocks 

At the global scale, the unexplained variation on the 
best multiple regression models (R2 ≤ 0.67) would sug-
gest caution in using these models to predict TECS for 
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an individual site. However, the models reasonably pre-
dict the mean TECS of mangroves at larger scales when 
they include data from many sites (Fig. 9). Such data 
could be easily obtained from mangrove forest invento-
ries where trees mass and soil depth would be measured 
in concert with data on precipitation, tidal range, and 
latitude. The utility of these models is not in estimating a 
single location, but in their capacity to provide a reason-
able estimate at larger spatial scales based on inventory 
data from multiple sites. 
Regression models provided reasonable estimates for 

all continents/regions with the exception of South Amer-
ica and the Middle East (Fig. 9). Here, the actual C 
stocks were much lower than the model estimates. The 
unifying similarities of these overestimated regions were 
a preponderance of coarse-textured soils. Texture is one 
of several factors that regulate organic matter preserva-
tion in soils, and has been hypothesized to be a primary 
explanation for relatively small C stocks in sandy soils 
(Schile et al. 2017). The single-most important factor 
required to preserve soil organic matter is anoxia, a 
condition that requires the microbial and plant O2 con-
sumption rate to exceed the O2 resupply rate. Coarse-
textured soils support rapid rates of water infiltration 
that allows porewater to rapidly drain and exchange 
with relatively O2-rich floodwaters or air during tidal 
cycles. Rapid porewater exchange inhibits development 
of the reducing, anoxic conditions, and favors more 
complete oxidation of organic C to CO2. Additionally, 
soil organic matter in coarse-textured soils are likely less 
protected by the soil mineral matrix and its stabilization 
mechanisms (e.g., interactions with minerals that protect 
organic matter against decomposition; see Baldock and 
Skjemstad 2000, Schmidt et al. 2011). Soil texture and 
influences on belowground C stocks remain a critical 
variable in need of further examination. 

Latitude 

A number of studies have examined relationships of 
mangrove C stocks and latitude with varying results 
(Sanders et al. 2016, Atwood et al. 2017, Twilley et al. 
2018). Sanders et al. (2016) found a decrease in ecosys-
tem C stocks when comparing tropical to subtropical 
sites. However, their subtropical data only included four 
sites from Australia. We found that mangroves occurring 
>20° N (n = 28) were significantly lower in ecosystem C 
stocks than those closer to the equator (n = 165; 
Fig. 7A). However, we interpret this to be an artifact of 
the fact that these high latitude sites were largely limited 
to the fringing mangroves on coarse-textured soils of the 
hyperarid Arabian Peninsula (Schile et al. 2017). There 
were no significant differences in equatorial mangroves 
(0°–2°), and those occurring within latitudinal bands of 
2°–10° and 10°–20° where means for these latitudinal 
categories were all >900 Mg C/ha. Some of the lowest 
stocks were found in Gabon at 2° S (154 Mg C/ha) and 
Brazil at 4° S (145 Mg C/ha; Appendix S1: Table S1). In 

contrast, some of the largest TECS were found in man-
groves in Mexico at 18° N (2,099 Mg C/ha; Kauffman 
et al. 2016). Latitude only accounted for 17% of the 
variation in predicting TECS (Fig. 7A). Atwood et al. 
(2017) and Twilley et al. (2018) also found a poor rela-
tionship between latitude and soil organic C stocks. The 
small sample sizes for mangroves in subtropical zones 
coupled with interactions with rainfall and other factors, 
especially soil factors, suggest greater attention should 
be focused on the soil parameters that may influence C 
storage (e.g., redox conditions, clay mineralogy, and 
inorganic binding agents). 

Global estimates of ecosystem carbon stocks 

Given the importance of mangrove carbon stocks 
globally, several studies that have provided estimates 
(Table 4). These estimates are derived from both actual 
measurements and models based on climate, physical, 
and geopolitical boundaries (Table 4). Using the C stock 
means with the areal extent of mangroves by continent 
provided by Giri et al. (2011), we estimate that man-
groves store about 11.7 Pg C. This includes an above-
ground C stock of 1.6 Pg C and a global belowground C 
stock of 10.2 Pg C. Published global estimates of man-
grove C storage range from 2.3 to 13.5 Pg C. (Table 4). 
It appears that the differences in estimates of total 
ecosystem carbon stocks based on climate, salinity, for-
est structure, geomorphology, or geopolitical boundaries 
is not as much of an influence as the choice of soil depth 
included in the estimate. Choosing to limit soils to a 1-m 
depth resulted in estimates of <5 Pg whereas those that 
included the soil profile >1-m depth resulted in global 
carbon stock estimates that exceeded 11.2 Pg C 
(Table 4). 
Hutchison et al. (2014) estimated the total global 

mangrove aboveground biomass (AGB) to be 2.83 Pg, 
based on an average of 184.8 Mg/ha. In C stocks units, 
this would be approximately 1.36 Pg C based on mean 
aboveground of 88.7 Mg C/ha. Similarly, Simard et al. 
(2018) estimated the global mangrove AGB to be 
1.75 Pg, based on an average AGB of 129.1 Mg/ha. 
These biomass estimates, based on modeling and remote 
sensing, are 13% and 46% lower than our global AGB 
estimate of 3.27 Pg (1.57 Pg C). These differences could 
be partially explained by our measurements of AGB that 
included all living and dead trees and downed wood. 
Our estimate of total AGB was 239 Mg/ha (114.9 Mg 
C/ha) and trees accounted for about 90% of this total 
(Appendix S1: Table S2). However, it is necessary to 
place these differences in the context of TECS. At least 
85% of the total ecosystem stocks are belowground 
(Fig. 9), and the differences in these aboveground C 
stock estimates are less than the 95% confidence interval 
error term of the TECS (856 � 64 Mg C/ha). In addi-
tion, the majority of GHG emissions resulting from 
land-use changes originates from losses of belowground 
C stocks. For example, Kauffman et al. (2017a) reported 
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that 84% of the estimated emissions from mangrove to 
shrimp pond conversion were attributed to declines in 
soil C pools. Thus, the use of aboveground C stocks 
alone is of limited value in determining ecosystem C 
stocks as well as emissions from land-cover change. 

Geomorphic/coastal settings 

In addition, to partitioning mangroves on the basis of 
geomorphology and forest stature, Twilley et al. (2018) 
and Rovai et al. (2018) examined soil C density on the 
basis of six coastal environmental settings, including del-
tas, estuaries, lagoons, composite deltas and lagoons, 
carbonate, and arheic settings. They reported that nearly 
one-half of the global mangrove area occurs as estuaries, 
followed by deltaic (small deltas and large rivers com-
bined), lagoon, carbonate, and arheic coastal settings. 
For the most part, the estuarine mangroves of the pre-
sent study fall into the deltaic tidal settings, while fring-
ing mangroves would encompass the tidal settings 
lagoon, carbonate, and arheic. The estuarine mangroves 
of our study would have greater influences from rivers 
and flooding than fringing mangroves, which were not 
associated with rivers but still subject to tides and 
greater wave energy. Interestingly, Twilley et al. (2018) 
and Rovai et al. (2018) reported the greatest C densities 
in the carbonate and arheic (dry coastal) settings, with 
the lowest C densities in deltas. Using predictive equa-
tions rather than the actual measurements in our study 
resulted in TECS overestimates of 161% in the arheic 
sites (i.e., the Middle East sites in Fig. 9). This suggests 
that models derived from mangroves with different cli-
mates, soils, and hydrological features poorly predict 
TECS of mangroves from arheic settings. In contrast to 
model estimates, we found that the actual measurements 
of the arheic settings had the lowest ecosystem C stocks 
of all sites sampled (belowground C stocks = 180 and 
TECS = 217 Mg C/ha; Schile et al. 2017, Appendix S1: 
Table S1). Carbonate-dominated sites in the Yucatan, 
Mexico were also lower than the global mangrove mean 
(belowground C stocks = 491 Mg C/ha and TECS 
= 534 Mg C/ha; Adame et al. 2013, Appendix S1: 
Table S2). In contrast, the TECS of estuarine mangroves 
that included the large and small deltaic settings had the 
largest ecosystem C stocks (Appendix S1: Table S2; 
Fig. 3A; e.g., mangroves in deltas of the Pantanos de 
Centla, Mexico, and Indonesia). However, ecosystem C 
stocks of tall mangroves in those deltaic sites dominated 
by coarse-textured soils (south Gabon and Brazilian 
Amazon; Kauffman and Bhomia 2017, Kauffman et al. 
2018b) had significantly lower C stocks suggesting cau-
tion in generalizing about C stocks on the basis of geo-
morphic position. 
Partitioning mangroves on the basis of the coastal 

geomorphic and environmental settings would likely 
improve global estimates of the C stored in mangroves. 
However, measurements of C density alone are not suffi-
cient to estimate ecosystem C stocks. To accurately 

quantify ecosystem C stocks and emissions arising from 
these stocks as a consequence of land-use and climate 
change, measurements of soil depth, soil C density, and 
aboveground stocks are critical. Given the value of man-
groves as global C sinks, the disproportionate GHG 
emissions when disturbed and the other important 
ecosystem services they provide, their conservation, 
restoration, and inclusion in adaptation and mitigation 
strategies are warranted. 
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