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Mangroves among the most carbon-rich forests in

the tropics

Daniel C. Donato'*, J. Boone Kauffman?, Daniel Murdiyarso®, Sofyan Kurnianto3, Melanie Stidham*

and Markku Kanninen®

Mangrove forests occur along ocean coastlines throughout the
tropics, and support numerous ecosystem setrvices, including
fisheries production and nutrient cycling. However, the areal
extent of mangrove forests has declined by 30-50% over the
past half century as a result of coastal development, aqua-
culture expansion and over-harvesting’*. Carbon emissions
resulting from mangrove loss are uncertain, owing in part to
a lack of broad-scale data on the amount of carbon stored
in these ecosystems, particularly below ground®. Here, we
quantified whole-ecosystem carbon storage by measuring tree
and dead wood biomass, soil carbon content, and soil depth in
25 mangrove forests across a broad area of the Indo-Pacific
region—spanning 30° of latitude and 73° of longitude—where
mangrove area and diversity are greatest*®. These data indi-
cate that mangroves are among the most carbon-rich forests
in the tropics, containing on average 1,023 Mg carbon per
hectare. Organic-rich soils ranged from 0.5 m to more than3m
in depth and accounted for 49-98% of carbon storage in these
systems. Combining our data with other published information,
we estimate that mangrove deforestation generates emissions
of 0.02-0.12 Pg carbon per year—as much as around 10% of
emissions from deforestation globally, despite accounting for
just 0.7% of tropical forest area®’.

Deforestation and land-use change currently account for 8-20%
of global anthropogenic carbon dioxide (CO,) emissions, second
only to fossil fuel combustion”®. Recent international climate
agreements highlight Reduced Emissions from Deforestation and
Degradation (REDD+) as a key and relatively cost-effective option
for mitigating climate change; the strategy aims to maintain
terrestrial carbon (C) stores through financial incentives for forest
conservation (for example, carbon credits). REDD+ and similar
programs require rigorous monitoring of C pools and emissions®?,
underscoring the importance of robust C storage estimates for
various forest types, particularly those with a combination of high
C density and widespread land-use change'.

Tropical wetland forests (for example, peatlands) contain
organic soils up to several metres deep and are among the largest
organic C reserves in the terrestrial biosphere!'™. Peatlands’
disproportionate importance in the link between land use and
climate change has received significant attention since 1997, when
peat fires associated with land clearing in Indonesia increased
atmospheric CO, enrichment by 13-40% over global annual
fossil fuel emissions''. This importance has prompted calls to
specifically address tropical peatlands in international climate
change mitigation strategies”".

Overlooked in this discussion are mangrove forests, which occur
along the coasts of most major oceans in 118 countries, adding
~30-35% to the global area of tropical wetland forest over peat
swamps alone*®'?. Renowned for an array of ecosystem services,
including fisheries and fibre production, sediment regulation, and
storm/tsunami protection’, mangroves are nevertheless declining
rapidly as a result of land clearing, aquaculture expansion,
overharvesting, and development®®. A 30-50% areal decline over
the past half-century”® has prompted estimates that mangroves
may functionally disappear in as little as 100 years (refs 1,2). Rapid
twenty-first century sea-level rise has also been cited as a primary
threat to mangroves', which have responded to past sea-level
changes by migrating landward or upward".

Although mangroves are well known for high C assimilation
and flux rates'®??, data are surprisingly lacking on whole-ecosystem
carbon storage—the amount which stands to be released with
land-use conversion. Limited components of C storage have been
reported, most notably tree biomass'”'®, but evidence of deep
organic-rich soils*>~ suggests these estimates miss the vast majority
of total ecosystem carbon. Mangrove soils consist of a variably
thick, tidally submerged suboxic layer (variously called ‘peat’ or
‘muck’) supporting anaerobic decomposition pathways and having
moderate to high C concentration'®?*?!, Below-ground C storage
in mangrove soils is difficult to quantify>*' and is not a simple
function of measured flux rates—it also integrates thousands of
years of variable deposition, transformation, and erosion dynamics
associated with fluctuating sea levels and episodic disturbances'.
No studies so far have integrated the necessary measurements for
total mangrove C storage across broad geographic domains.

In this study we quantified whole-ecosystem C storage in
mangroves across a broad tract of the Indo-Pacific region, the
geographic core of mangrove area (~40% globally) and diversity**.
Study sites comprised wide variation in stand composition
and stature (Fig. 1, Supplementary Table S1), spanning 30°
of latitude (8°S-22°N), 73° of longitude (90°-163°E), and
including eastern Micronesia (Kosrae); western Micronesia
(Yap and Palau); Sulawesi, Java, Borneo (Indonesia); and the
Sundarbans (Ganges-Brahmaputra Delta, Bangladesh). Along
transects running inland from the seaward edge, we combined
established biometric techniques with soil coring to assess variations
in above- and below-ground C pools as a function of distance
from the seaward edge in two major geomorphic settings:
estuarine/river-delta and oceanic/fringe. Estuarine mangroves
(n = 10) were situated on large alluvial deltas, often with a
protected lagoon; oceanic mangroves (n = 15) were situated in
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Figure 1| Examples of Indo-Pacific mangroves. The sample included a
broad range of stand stature, composition, and soil depth. a, Exemplary
large-stature, high-density mangrove dominated by Bruguiera, Borneo,
Indonesia (canopy height >15 m, canopy closure >90%, soil depth >3 m).
b, Exemplary small-stature, low-density mangrove dominated by
Rhizophora, Sulawesi, Indonesia (canopy height <4 m, canopy closure
<60%, soil depth 0.35-0.78 m). Both estuarine and oceanic mangroves
can exhibit both conditions (see Supplementary Table S1).

marine-edge settings, often the coasts of islands with fringing
coral reefs. Seaward distance and geomorphic setting may
influence C dynamics through differences in tidal flushing and
relative importance of allochthonous (river sediment) versus
autochthonous (in situ litter and root production) controls on soil
C accumulation>'®.

We found that mangroves are among the most C-dense forests
in the tropics (sample-wide mean: 1,023 MgCha™! +88s.e.m.),
and exceptionally high compared to mean C storage of the
world’s major forest domains (Fig. 2). Estuarine sites contained
a mean of 1,074 Mg Cha™' (171 s.e.m.); oceanic sites contained
990 + 96 Mg Cha™'. Above-ground C pools were sizeable (mean
159 MgCha™!, maximum 435MgCha™'), but below-ground
storage in soils dominated, accounting for 71-98% and 49-90%
of total storage in estuarine and oceanic sites, respectively (Figs 2
and 3). Below-ground C storage was positively but weakly
correlated to above-ground storage (R*=0.21 and 0.50 in estuarine
and oceanic sites, respectively). Although soil C pools increased
slightly with distance from the seaward edge in oceanic sites
(because of increasing soil depth), changes in both above- and
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Figure 2 | Comparison of mangrove C storage (mean :95% confidence
interval) with that of major global forest domains. Mean C storage by
domain was derived from ref. 9, including default values for tree, litter, dead
wood, root:shoot ratios, and soils, with the assumption that the top 30 cm
of soil contains 50% of all C residing in soil®, except for boreal forests
(25%). Domain means are presented for context; however some forest
types within each contain substantially higher or lower C stores®™. In
general, the top 30 cm of soil C are considered the most vulnerable to
land-use changeg; however in suboxic peat/muck soils, drainage,

excavation, and oxidation may influence deeper layers?®.

below-ground C storage over this distance gradient were highly
variable and not statistically significant (Fig. 3).

So far, quantification of below-ground C storage in man-
groves has been impeded by a lack of concurrent data on soil
carbon concentration, bulk density, and depth, and how these
vary spatially>?!. We found high C concentration (% dry mass)
throughout the top metre of the soil profile, with a decrease
below 1m (Fig.4a). Carbon concentration was lower in es-
tuarine (mean = 7.9%) versus oceanic (mean = 14.6%) sites.
Soil bulk density (BD) did not differ significantly by setting or
distance from the seaward edge (generally ~0.35-0.55gcm™),
but did increase with depth (Fig. 4b). Combining C concentra-
tion and BD yielded mean C densities of 0.038gCcm™ and
0.061gCcm™ in estuarine and oceanic soils, respectively. The
total depth of the peat/muck layer differed between estuarine
and oceanic sites (Fig.4c) and was the main driver of varia-
tions in below-ground C storage (Fig. 3). Estuarine stands over-
lie deep alluvial sediment deposits, usually exceeding 3 m depth;
oceanic stands contained a distinct organic-rich layer overlying
hard coral sand or rock, with peat/muck thickness increasing
from a mean of 1.2m (£0.2s.e.m.) near the seaward edge to
1.7m (£0.2s.e.m.) 135m inland (Fig.4c). In terms of total
below-ground C storage, the shallower soil depth in oceanic man-
groves was compensated in part by higher soil organic C con-
centration (Fig. 4a,c).

These data indicate that high productivity and C flux rates
in mangroves'®? are indeed accompanied by high C storage,
especially below ground. High per-hectare C storage coupled with
a pan-tropical distribution (total area ~14 millionha; refs 4,6)
suggests mangroves are a globally important surface C reserve.
Although our sample is not intended to represent all mangrove
types (precluding simple scaling up), some constraints on global
storage can be derived by combining an uncertainty range from
our empirical data (5th to 95th percentile C storage values) with
additional global data on soil C concentration, depth, and standing
biomass'®!7*#%* (see Methods in Supplementary Information).
This approach yields an estimate of 4.0-20 PgC globally. This
estimate will undoubtedly be refined, but suggests mangroves add
significantly to tropical wetland forest C storage (for example,
tropical peatlands: ~82-92 Pg C; ref. 12).
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Figure 3 | Above- and below-ground C pools in Indo-Pacific mangroves, assessed by distance from the seaward edge. a, Estuarine mangroves situated on
large alluvial deltas. b, Oceanic mangroves situated in marine edge environments—for example, island coasts. Below-ground C comprised 71-98% and
49-90% of ecosystem C in estuarine and oceanic sites, respectively. Overall carbon storage did not vary significantly with distance from the seaward edge
in either setting over the range sampled (P > 0.10 for above-ground, below-ground, and total C storage by functional data analysis (FDA, see Methods);
95% Cls for rates-of-change all overlapped zero and were between —1.2 and 3.9 Mg C ha~" per metre of distance from edge).

Carbon emissions from land-use change in mangroves are
not well understood. Our data suggest a potential for large
emissions owing to perturbation of large C stocks. The fate of
below-ground pools is particularly understudied, but available
evidence suggests that clearing, drainage, and/or conversion
to aquaculture—aside from affecting vegetation biomass—also
decreases mangrove soil C significantly'®?>?*28, In upland forests,
the top 30 cm of soil are generally considered the most susceptible
to land-use change’; however in wetland forests, drainage and
oxidation of formerly suboxic soils may also influence deeper
layers®. To provide some constraints on estimated emissions,
we used a similar uncertainty propagation technique, combining
our C storage values with other global data'®' and applying
a range of assumptions regarding land-use effects on above-
and below-ground pools (see Supplementary Information). This
approach yields a plausible estimate of 112-392MgC released
per hectare cleared, depending in large part on how deeply soil
C is affected by different land uses. Coupled with published
ranges of mangrove deforestation rate (1-2%; refs 1,4) and global
area (13.7-15.2 million ha; refs 4,6), this estimate leads to global
emissions on the order of 0.02-0.12PgCyr~!. This rate adds
significantly to oft-cited peatland emissions (0.30 PgCyr™') and
global deforestation emissions (~1.2PgCyr~'; ref. 7) despite
accounting only for loss of standing stocks but not other known
mangrove-conversion influences, such as decreased C sequestration
rate, burial efficiency, and export to ocean'®!®, nor increases in
normally-low methanogenesis in some disturbed soils'®*’.

In addition to direct losses of forest cover, land-use activities
will also impact mangrove responses to sea-level rise!*!>. Man-
groves have been remarkably persistent through rapid sea-level rises
(5-15mmyr~!) during the late Quaternary Period (0-18,000 yr BP)
because of (1) landward migration, and (2) autogenic changes
in soil-surface elevation through below-ground organic matter
production and/or sedimentation'. Under current climate trends,
sea level is projected to rise 18-79 cm from 1999-2099 (higher
if ice-sheet melting continues accelerating)®*, implying a period-
averaged rate of ~1.8-7.9 mmyr~!, notwithstanding local varia-

tions and temporal nonlinearities. Although this rate is not unprece-
dented, it is unclear yet whether mangroves are currently keeping
pace with sea levels'*'>. Anthropogenic influences could constrain
future resilience to sea-level rise through coastal developments
that impede inland migration (for example, roads, infrastructure),
upland land uses that alter sediment and water inputs (for example,
dams, land clearing), and mangrove degradation that reduces
below-ground productivity'*. This synergy of land use and climate
change impacts presents additional uncertainties for the fate and
management of coastal C stores.

Critical uncertainties remain before estimates of mangrove C
storage and land-use emissions can be improved. Among these are
geographic variations in soil depth, a key but unknown parameter
in most regions®'. Similarly, empirical data on land-use change
impacts on soil C is strongly lacking, especially for deep layers
(but see refs 26-28). Quantitative estimates are also needed of
the relative area occupied by estuarine/delta and oceanic/fringe
mangroves, which is not addressed in most analyses of mangrove
areaS. Because these two systems store below-ground C differently,
improved spatial data will greatly refine estimates of global C storage
and emissions owing to disturbance.

Our data show that discussion of the key role of tropical wetland
forests in climate change could be broadened significantly to include
mangroves. Southeast Asian peatlands are currently being advanced
as an essential component of climate change mitigation strategies
such as REDD+ (refs 7,13), and mangroves share many of the
same relevant characteristics: deep organic-rich soils, exceptionally
high C storage, and extensive deforestation/degradation resulting in
potentially large greenhouse gas emissions. The well-known ecosys-
tem services and geographic distribution of mangroves' suggest
these mitigation strategies could be effective in providing ancillary
benefits as well as potential REDD+ opportunities in many tropical
countries. Because land use in mangroves affects not only standing
stocks but also ecosystem response to sea-level rise, maintaining
these C stores will require both in situ mitigation (for example,
reducing conversion rates) as well as facilitating adaptation to
rising seas. The latter challenge is largely unique to management
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