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Abstract: 

Coastal ecosystems release or absorb the greenhouse gases (GHG) carbon dioxide (CO2), 

methane (CH4), and nitrous oxide (N2O) but the net effect of these ecosystems on global 

warming remains unknown. Here, we present a data-driven meta-analysis quantifying 

GHG fluxes in estuaries and coastal vegetation in ten world regions and globally. We 

show that the large GHG CO2-equivalent (CO2e) uptake by coastal vegetation is 23-28% 

offset by estuarine CO2e outgassing, resulting in a global median [Q1-Q3] net sink of 389 

[73-646] or 443 [173- 674] Tg CO2e yr-1 using the global warming potential for the 20-

year or 100-year time horizon, respectively. We identify regional hotspot sinks in 

Southeast Asia, North America, and Africa. Globally, total coastal CH4 and N2O emissions 

offset 10-20% of the cooling effects of CO2 uptake. Strengthening the coastal vegetation 

CO2 sink while reducing the CH4 and N2O offsets will help mitigate global warming. 
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warming mitigation potential 
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Main 

Since the beginning of the industrial era, atmospheric concentrations of CO2, CH4, and 

N2O have increased by 47%, 156% and 23%, respectively, and continue to increase at 

alarming rates due to anthropogenic activities, driving global warming1. While the global 

terrestrial CO2 sink has significantly increased in the past decades2, it is partially offset by 

associated CH4 and N2O emissions, resulting in a net GHG source to the atmosphere and 

a significant potential for global warming3. Globally, it is now clear that inland waters are 

atmospheric GHG source4,5 while the fluxes from coastal ecosystems are less certain. 

Located in the downstream portion of the Land-Ocean-Aquatic-Continuum (LOAC)6, 

estuaries receive large amounts of terrestrial carbon (C) and nitrogen (N) through riverine 

and groundwater flows, but their C and N cycles are also tightly inter-connected with 

coastal vegetated ecosystems7 and the coastal oceans8,9. Net GHG fluxes from estuaries 

and coastal vegetation (mangroves, salt marshes, seagrasses) are thus a complex spatial 

and temporal combination of sources and sinks8, complicating estimates of their net 

effects to emphasize or mitigate global warming. A consistent global assessment of the 

GHG budget of the coastal zone is needed to implement efficient global warming 

mitigation strategies. 

Estuaries and surrounding coastal vegetation are strongly interconnected but show 

remarkable variations in the magnitude and direction (sink or source) of GHG fluxes. 

Estuaries have been estimated to emit 0.4 to 2.2 Pg CO2 yr-1 globally8–11, whereas 

mangroves and salt marshes collectively take up 0.3 to 1.7 Pg CO2 yr-1 6,9 (summarized in 

Supplementary Table S1). Together with submergent seagrasses, coastal vegetation 

potentially store 304 (131-466) Tg CO2 yr-1 of so-called ‘blue carbon’ in their 

sediments12,13. On the other hand, emissions of CH4 and N2O from coastal sediments and 

surrounding waters can offset some of the coastal vegetation carbon sinks14,15, thereby 

complicating ‘blue carbon’ assessments16,17. A recent global synthesis showed that 

median CH4 emissions from combined mangrove, salt marshes, and seagrasses (0.52 Tg 

CH4 yr-1) exceed those from estuaries (0.23 Tg CH4 yr-1)18. However, CH4 fluxes are highly 

variable across time and space, causing a large range in global estimates of both coastal 

vegetation (0.02 to 6.2 Tg CH4 yr-1)15,18 and estuaries (0.02 to 6.6 Tg CH4 yr- 1)5,19 

(Supplementary Table S2). Coastal N2O fluxes are less understood and it remains unclear 

if coastal vegetated ecosystems are a net source or sink of N2O to the atmosphere20,21. 

Global estimates of estuarine N2O emissions are highly uncertain, with large 



discrepancies for both observation-based (110 to 2,844 Gg N2O yr-1)5,22,23 and modeling 

(94 to 1,084 Gg N2O yr-1)24,25 approaches (Supplementary Table S3). 

Here we present a data-driven meta-analysis synthesizing CO2, CH4, and N2O fluxes in 

three major estuary types (tidal systems and deltas, lagoons, and fjords) and three coastal 

vegetation types (mangroves, salt marshes, seagrasses), globally and in ten world regions. 

These regions were delineated by the REgional Carbon Cycle Assessment and Processes-

2 (RECCAP2) project26, an activity of the Global Carbon Project. We compiled water-air 

CO2, CH4, and N2O fluxes for estuaries and combined CO2 fluxes from eddy-covariance 

with CH4 and N2O fluxes from water-sediment-air interfaces for coastal vegetation. Our 

dataset compiles observations from a total of 738 sites from studies published between 

1975 and 2020 and we provide a GHG flux climatology assumed representative for this 

period. The GHG fluxes are regionalized by combining GHG flux densities with recently 

published surface area distributions of coastal vegetation27–29 and estuaries30. As such, our 

global-scale regional assessment applies a consistent framework for all three GHGs and 

ecosystems. Regional GHG fluxes are then summed to provide global net GHG fluxes for 

estuaries, coastal vegetation, and both systems combined. We quantify the net 

contemporary GHG balance in units of CO2-equivalents (CO2e) based on the global 

warming potential (GWP) of each gas for the 20 and 100 year time horizons1. Following 

the RECCAP2 region segmentation, our coastal GHG budget can be integrated into 

broader budgets of continents. 

Estuarine and coastal vegetation CO2 fluxes 

We estimate global median [first (Q1)-third (Q3) quartile] CO2 emissions from estuaries 

at 111 [73-170] Tg CO2 yr-1 (Table 1), which is three to five times lower (as is our mean 

of 121 Tg CO2 yr-1) than recent mean estimates (370-550 Tg CO2 yr-1)10,11. Our lower 

global emissions are due to the inclusion of estuarine surface area30 (Figure 1) that is ~30% 

lower than previously estimated31,32, and includes a greater number of sites than previous 

studies10,11. In particular, CO2 flux data in fjords have more than doubled since earlier 

reviews9,11 that considered fjords as minimal sources of atmospheric CO2. Here we show 

that fjords take up 66 [24-96] Tg CO2 yr-1 from the atmosphere, thereby reducing 37% of 

the CO2 emissions from global tidal systems and deltas (127 [90-176] Tg CO2 yr-1) and 

lagoons (50 [28-81] Tg CO2 yr-1) (Figure 2). Tidal systems and deltas which account for 

40% of the global estuarine surface area (Supplementary Table S4) show higher CO2 flux 



densities than lagoon and fjords (Supplementary Table S5), likely due to their strong 

hydrological connectivity with rivers and groundwater that import CO2 supersaturated 

waters33. In addition, the relatively short residence times and the considerably strong 

influence by tides31 can increase water turbulence and therefore gas transfer 

velocities34 which in turn enhance CO2 evasion from tidal systems. At the regional scale, 

we find distinct trends of CO2 fluxes between different geomorphic estuary types (Figure 

2). For example, North America is a hotspot for atmospheric CO2 uptake by fjords (57 

[37-84] Tg CO2 yr-1, 86% of the CO2 uptake by global fjords). Long stretches of lagoons 

can be found along Africa’s coastline that contribute 24% to global lagoon CO2 emissions. 

Europe accounts for 20% of global CO2 emissions by tidal systems and deltas although 

only comprising 5% of the total surface area of this estuary type. This disproportionate 

contribution stems from the highest median CO2 flux densities (4.7 g CO2 m-2 d-1) of any 

estuary type or region (Supplementary Table S5), likely fuelled by organic carbon loads 

from European rivers under strong anthropogenic pressure35. European estuaries were 

over-represented in previous global analyses10,11,36, which likely led to overestimates in 

global CO2 emissions from estuaries. 

Using data exclusively from eddy-covariance long-term studies, we estimate that salt 

marshes, mangroves, and seagrasses worldwide take up 601 [426-774] Tg CO2 yr-1 from 

the atmosphere, a flux which, in absolute terms, is more than five times greater than the 

estuarine CO2 outgassing (Table 1). Our global estimate is lower but within the 

uncertainty range of a recent estimate of 843±440 Tg CO2 yr-1 by mangroves, salt marshes, 

and seagrasses6. Seagrass meadows can be found in tropical, subtropical, and temperate-

cold climate zones and are abundant across different climates. Mangroves are abundant 

in subtropical and tropical climates, whereas salt marshes dominate in temperate regions 

(Figure 1, Supplementary Figure S1). As expected, highly productive mangrove forests 

that consist of large carbon stocks37 contribute the majority (60%) of the global CO2 

uptake by coastal vegetation (359 [333-434] Tg CO2 yr-1). Globally, seagrasses (192 [53-

354] Tg CO2 yr-1) have a ~4 times higher CO2 uptake than salt marshes (50 [41-59] Tg 

CO2 yr-1), which is similar to previous findings based on net primary (or ecosystem) 

production38,39. Since mangrove forests are abundant in tropical southeast Asia (Figure 1), 

we find that this region contributes most (37%) to global mangrove CO2 uptake, followed 

by Africa (20%), and tropical North and South America (both ~15%). Salt marshes are 

abundant along the west and east coasts of Canada and the US. Therefore, North America 



contributes to most of the global CO2 uptake by salt marshes (34%). Other regions that 

provide a substantial salt marsh CO2 sink include East Asia (23%) and Australasia (21%). 

Africa’s coastline has the greatest contribution (24%) to global seagrass CO2 uptake. 

Figure 1 

 

Figure 1 caption: Regional and global surface areas of estuaries and coastal vegetation. 

Surface areas of estuaries a) as a relative percentage (%) and b) in km2 of tidal systems 

and deltas, lagoons, and fjords in the ten RECCAP2 world regions and globally. Surface 
areas of coastal vegetation 

c) as a relative percentage (%) and d) in km2 of mangroves, salt marshes, and seagrasses 

in the ten RECCAP2 world regions and globally. The global surface area for estuaries is 

733,801 km2 30. The global coastal vegetation area is 512,982 km2. Surface areas (km2) 

for each estuary and coastal vegetation type in each of the ten regions can be found in 

Supplementary Table S4. 



Figure 2 

Figure 2 caption: Regional and global estuary and coastal vegetation GHG fluxes. The 

box- whisker plots show the median and interquartile (Q1-Q3) range of CO2, CH4, and N2O 

fluxes in a) estuaries (tidal systems and small deltas, lagoons, fjords); and b) coastal vegetation 

(mangroves, salt marshes, seagrasses) in ten RECCAP2 regions and globally. A positive value 

indicates a flux from the ecosystem to the atmosphere and a negative value a flux from the 

atmosphere to the ecosystem. Outliers (open circles) are shown only for global plots. The 

asterisk (*) indicates that the flux was upscaled based on global statistics (n < 3) (see Methods). 



Estuarine and coastal vegetation CH4 fluxes 

Global estuaries emit 0.25 [0.07-0.46] Tg CH4 yr-1 (Table 1), a median value that falls at the 

lower end of the range of previously reported values5,19,40 (Supplementary Table S2), yet is 

close to the recent median estimate (0.23 [0.02-0.91] Tg CH4 yr-1) by Rosentreter et al.18, which 

did not explore regional and estuary-type contributions. Global estuarine CH4 emissions are 

dominated by tidal systems and deltas (0.14 [0.11-0.23] Tg CH4 yr-1, 56%), followed by 

lagoons (0.11 [0.05-0.13] Tg CH4 yr-1, 44%), while the contribution from fjords is negligible 

(<1%). Our regional analysis shows that North America’s tidal systems and deltas contribute 

the majority (28%) of global CH4 emissions from this estuary type (Figure 2). North America 

also has the highest median CH4 flux densities (2.9 mg CH4 m-2 d-1) of tidal systems and deltas, 

particularly in the USA, where many eutrophic systems undergo seasonal hypoxia or anoxia 

that fuel CH4 production41. South America, Russia, and Australasia contribute around 10% each 

to global CH4 emissions from tidal systems and deltas, whereas all other regions are minor 

contributors (< 5%). North America comprises the largest area of lagoons (Figure1), thereby 

dominating global lagoonal CH4 emissions (30%). Other regions with substantial lagoon CH4 

emissions are Africa (25%) and South America (14%), whereas the remaining regions 

contribute <10%. Interestingly, we find that of all estuary types and regions, lagoons in Africa 

show the highest flux density (5.3 mg CH4 m-2 d-1), driven by high CH4 production in anoxic 

bottom waters in permanently stratified lagoons along the Ivory Coast42. 

Globally, mangroves, salt marshes, and seagrasses combined release 0.76 [0.47-1.41] Tg CH4 

yr-1 which is more than three times the CH4 released by global estuaries. Our coastal vegetation 

estimate is comparable with a recent review18 but incorporates more data, which results in an 

increased estimate for salt marshes and mangroves but not seagrasses. We find that mangroves 

(0.34 [0.21-0.50] Tg CH4 yr-1) dominate coastal vegetation CH4 emissions, followed by salt 

marshes (0.26 [0.14-0.36] Tg CH4 yr-1), and seagrasses (0.17 [0.09-0.21] Tg CH4 yr-1) (Table 

1). The relatively high CH4 emissions from mangroves (exceeding global estuaries) are 

promoted by carbon-rich deep anoxic sediments43 and by tidally induced mixing between 

groundwater rich in CH4 and surface waters44. While the highest mangrove CH4 flux densities 

(21 mg CH4 m-2 d-1) are in East Asia, North America’s mangrove forests dominate (42%) global 

mangrove CH4 emissions. This is because its forest area is 86 times greater than in East Asia, 

and the CH4 flux density is still high (18 mg CH4 m-2 d-1) (Supplementary Table S6). While 

Southeast Asia dominates mangrove forest area globally, the region’s much lower CH4 flux 

density (1.4 mg CH4 m-2 d-1) means that it adds only 7% to global mangrove CH4 emissions. 



Such a low regional evasion rate may be explained by high monsoonal rainfall events and short 

water residence times, resulting in low rates of organic matter decomposition45. The highest 

median CH4 flux densities of any coastal vegetation type are found in East Asian salt marshes 

(44 mg CH4 m-2 d-1), contributing 34% of global salt marsh CH4 emissions despite its relatively 

small marsh coverage. North America’s vast salt marsh areas are the second highest contributor 

(32%) to global salt marsh emissions. Australasia’s seagrass meadows dominate (26%) global 

seagrass CH4 emissions, a combination of moderately high seagrass area and a regional flux 

density that is more than twice the global median (Supplementary Table S6). 

Estuarine and coastal vegetation N2O fluxes 

We estimate that estuaries globally emit 61 [41-94] Gg N2O yr-1 (Table 1), which is 

substantially lower than previous observational and modeling estimates (94 to 5,710 Gg N2O 

yr-1)5,24,25,46 (Supplementary Table S3). Similar to CO2 and CH4, our lower estuary N2O 

emissions are partially due to lower estuarine surface area used in this study30, but also reflects 

the ~80% more sites in our analysis than earlier reviews23,46. We find the highest N2O emissions 

are from tidal systems and deltas (35 [24-48 Gg N2O yr-1), but in contrast to CO2 and CH4, 

fjords have the second highest N2O emissions (16 [12-21] Gg N2O yr-1), almost double of those 

of lagoons (10 [6-14] Gg N2O yr-1). A comparison of the ten regions shows that North America 

contributes 27%, 15%, and 77% to global emissions from tidal systems and deltas, lagoons, 

and fjords, respectively, resulting in 25 [17-33] Gg N2O yr-1 (40%) contribution to global 

estuary N2O emissions (Figure 2). Other regions of moderate contributions are South America 

(14%), Russia (12%), and Southeast Asia (9%), with the remaining regions being only minor 

contributors (< 5 Gg N2O yr-1). We further compare our data-driven approach with the recently 

published mechanistic model of global estuary N2O emissions25 that was regionalised for the 

purpose of comparison to this study. The modelled global emissions estimates from all three 

estuary types (94 Gg N2O yr-1) are consistent with the upper uncertainty bound of those 

calculated with the data-driven approach. As such, we find an overall good agreement between 

the two approaches. Fjord estimates represent the largest relative difference between modelled 

and data-driven estimates (Table 1). 

Coastal vegetation can be sources or sinks of N2O to the atmosphere. We find that emissions 

slightly exceed uptake at the global scale, resulting in 6.3 [0.7-18.3] Gg N2O yr-1 which is only 

about 10% of the estuarine emission (Table 1). Globally, mangroves emit 8.9 [4.4-19.3] Gg 

N2O yr-1, at least four times more N2O than salt marshes (2.1 [-0.8-6.1] Gg N2O yr-1). 



Seagrasses take up 4.6 [3.4-6.0] Gg N2O yr-1, thereby offsetting almost half of the N2O emitted 

by salt marshes and mangroves. Nevertheless, large variability can be found in local N2O 

measurements in coastal vegetation. For example, current studies report N2O uptake from salt 

marshes in North America47 and Europe48, while studies from East Asia, mainly China, reveal 

that this region accounts for a substantial 1.3 [0.2-2.8] Gg N2O yr-1 (61%) of global salt marsh 

emissions. Mangroves ecosystems are generally a source of N2O although some mangrove 

creeks in Australia have been shown to consume N2O due to low nitrogen concentrations20,21. 

Our seagrass N2O flux database is strongly biased towards data from Australia, where studies 

mostly suggest N2O uptake from near-pristine seagrasses49 (Supplementary Table S7). 

Figure 3 

 
Figure 3 caption: Global and regional coastal CO2-equivalent GHG fluxes. 

a) Global median GHG sources and sinks of estuaries and coastal vegetation using the 20-year (top) 

and 100-year (bottom) time horizons. The warming /cooling potential is expressed as CO2-equivalents 

in Tg CO2e yr-1 for CO2, CH4, N2O, and their sum (net GHGs). b) Conceptual diagram showing the 

magnitude of the CO2-equivalent GHG fluxes for estuaries, coastal vegetation, and their sum in the ten 

RECCAP2 regions and relative to each other. The size of the arrows is proportional to the fluxes in Tg 

CO2e yr-1 (Table 2). The arrow size is the same for GWP20 and GWP100, therefore arrows are not shown 

for the two GWP time horizons individually. 



Figure 4 
 

 

Figure 4 caption: Estuary and coastal vegetation GHG fluxes in the land-to-ocean aquatic 

continuum (LOAC). a) the LOAC carbon loop model adapted from Regnier et al.6. The green 

loop connects the terra-firme ecosystems to the open ocean. The two shorter loops connect the 

terra firme ecosystems to inland waters (grey) and the coastal vegetation, estuaries, and 

continental shelves to the open ocean (blue). FAW refers to CO2 uptake by tidal wetlands (salt 

marshes and mangroves) and submerged vegetation and FEA refers to estuarine outgassing. b) 

Global median [Q1/Q3] CO2-equivalent GHG fluxes using the global warming potential (GWP) 

for the 20-year and 100-year time horizons in coastal vegetation and in estuaries. Here we 

include seagrasses in coastal vegetation fluxes (FAW), whereas in Regnier et al.6 seagrasses and 

macro-algae as submerged vegetation are separated from inter- tidal emergent mangroves and 

salt marshes. Units are in Tg CO2e yr-1. 



Implication for regional and global budgets 

Our data-driven meta-analysis reveals that estuarine CO2-equivalent GHG emissions offset the 

coastal vegetation CO2-equivalent GHG uptake, by 28% for the GWP20 and 23% for the 

GWP100. Estuaries and coastal vegetation therefore have a global net cooling effect, 

corresponding to a GHG sink for the atmosphere of 389 [73-646] Tg CO2e yr-1 and 443 [173- 

674] Tg CO2e yr-1 based on GWP20 and GWP100, respectively (Figure 3). Our quantification of 

the net GHG sink is broadly consistent with previous assessments based solely on CO2
6,8,9. 

However, we find that this sink results both from a downward revision of coastal vegetation 

CO2 fixation and a significantly lower estuarine GHG outgassing, mostly due to the CO2 uptake 

by fjords and a reduced estuarine surface area30. The net CO2 sink of estuaries and coastal 

vegetation is also significantly compensated by CH4 and N2O emissions, which offset 21% for 

the GWP20 and 10% for the GWP100. Our global-scale assessment, using the largest dataset so 

far, significantly reduces the uncertainty in the contemporary GHG budget6 and emphasises the 

global cooling effects of coastal vegetation and estuaries combined, in contrast to terrestrial 

sources3 and inland waters4,5 (Figure 4). Importantly, we reveal where estuarine fluxes 

enhance, partially offset, or exceed coastal vegetation CO2 uptake, allowing us to identify 

regional hotspots of GHG uptake and release (Figure 3). We find that 8 out of 10 coastal regions 

are a net GHG sink for the atmosphere, regardless of the time horizon considered (Table 2). 

Using the GWP100, Southeast Asia shows the greatest net GHG sink (156 [106-224] Tg CO2e 

yr-1) because of its extensive and highly productive tropical mangrove forests and seagrass 

meadows (Figure 1), as well as having relatively few estuaries compared to other regions30. A 

second regional hotspot for GHG sinks is North America (127 [76-165] Tg CO2e yr-1) due to 

its expansive mangrove, salt marsh, and seagrass areas, while also having the largest area of 

CO2-absorbing fjords globally (40% of which are located in Greenland). In Africa, the large 

CO2 uptake by coastal vegetation is partially offset by estuarine GHG outgassing, leaving 

Africa as the third greatest net GHG sink (93 [35-134] Tg CO2e 2 yr-1), globally. Australasia 

and West Asia are moderate GHG sinks (~25 Tg CO2e yr-1), whereas in East and South Asia, 

coastal vegetation CO2 sinks are largely offset by estuarine GHG release, resulting in a small 

net GHG sink of <12 Tg CO2e yr-1. In Europe and Russia, estuarine GHG outgassing across a 

large estuarine surface area exceeds uptake from the relatively small area of coastal vegetation, 

making these regions net GHG sources. As such, our regionalized assessment suggests that in 

addition to being a net global sink of GHGs for the atmosphere, the sink attributed to estuaries 

and coastal vegetation is also a common feature in many regions across the world. 



Our coastal GHG synthesis, which is the first to combine coastal vegetation and estuaries and 

to combine the three major GHGs, also affords the opportunity to identify limitations and 

recommend areas most in need of research. The limitations fall largely into three categories: 

mapping of ecosystems, GHG flux measurements, and spatio-temporal variability. The most 

notable gap is for macroalgae, which have not been mapped globally and are greatly lacking in 

flux measurements, despite their large potential for carbon sequestration50. Marsh area is likely 

underestimated, given a very recent analysis51 and the lack of global mapping of freshwater 

tidal marshes. GHG flux measurements, despite recent progress, are still lacking, particularly 

from Africa, Russia, and West Asia. In all regions, seagrass GHG (and particularly N2O) flux 

studies are rare. Coastal ecosystems have high temporal variability, therefore more eddy 

covariance towers, and conventional time-series measurements are needed, even in regions 

with good spatial coverage. High spatio-temporal variability means that techniques such as 

remote sensing51, empirical modeling, and process-based modeling are needed for 

extrapolating flux densities and projecting future areas and flux densities, particularly in the 

face of climate change and population growth along the coast. Despite its limitations, our 

regional coastal GHG synthesis addresses the current research gap between local and global 

scales. The substantial coastal carbon sink value of US$ 20 billion (US$50 per ton carbon) 

highlights the urgency to protect the coastal zone from development, hydrological alterations, 

and climate change impacts such as sea level rise. 
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Table 1: Global coastal vegetation and estuaries greenhouse gas fluxes. 

Global median [Q1-Q3] CO2, CH4, N2O, and CO2-equivalent (CO2e) fluxes using the GWP20 and GWP100. 

 CO2 

(Tg CO2 yr-1) 

CH4 

(Tg CH4 yr-1) 

CH4 

(Tg CO2e yr-

1) (20yr) 

CH4 

(Tg CO2e yr-

1) (100yr) 

N2O 

(Gg N2O yr-1) 

N2O 

(Tg CO2e yr-

1) (20yr, 

100yr)a 

Tidal systems and 

deltas 

 

127 [90-176] 

 

0.14 [0.11-0.23] 

 

11.00 [8.83-18.42] 

 

3.78 [3.03-6.33] 
35.09 [23.62-48.41], 

49.7b 

 

9.58 [6.45-13.22] 

 

Lagoons 

 

50 [28-81] 

 

0.11 [0.05-0.13] 

 

8.69 [4.23-10.31] 

 

2.99 [1.45-3.54] 
9.93 [6.24-13.77], 

14.1b 

 

2.71 [1.70-3.76] 

 

Fjords 

 

-66 [-96- -24] 
0.003 [0.002- 

0.008] 

 

0.26 [0.15-0.63] 

 

0.09 [0.05-0.22] 
16.33 [11.77-20.56], 

30.5b 

 

4.46 [3.21-5.61] 

Estuaries 111 [73-170] 0.25 [0.07-0.46] 19.95 [5.56-37.59] 6.85 [1.91-12.92] 
61.34 [41.39-93.81], 

94.4b 
16.75 [11.30-25.61] 

Mangroves -359 [-434- -333] 0.34 [0.21-0.50] 27.29 [16.75-40.57] 9.38 [5.76-13.94] 8.85 [4.36-19.30] 2.42 [1.19-5.27] 

Salt marshes -50 [-59- -41] 0.26 [0.14-0.36] 20.71 [11.43-28.87] 7.12 [3.93-9.92] 2.06 [-0.83-6.08] 0.56 [-0.23-1.66] 

Seagrasses -192 [-354- -53] 0.17 [0.09-0.21] 13.96 [7.17-17.20] 4.80 [2.46-5.91] -4.56 [-5.98- -3.39] -1.25 [-1.63- -0.93] 

Coastal 

vegetation 

-601 [-774- -426] 0.77 [0.47-1.41] 61.96 [38.13-

114.64] 

21.30 [13.10-

39.39] 

6.35 [0.70-18.31] 1.73 [0.19-5.00] 

Estuaries + 
coastal 

vegetation 

-489 [-701- -256] 1.01 [0.54-1.87] 81.90 [43.68-152] 28.14 [15.01-

52.31] 

67.69 [42.10-112] 18.48 [11.49-30.61] 

a) The GWP for N2O fluxes is 273 for both 20-year and 100-year time periods 

b) Based on the mechanistic model by Maavara et al.25. Most of the differences in estuarine N2O emissions between the modelled and data-driven approaches arise from North 

America, where modeled emissions exceed observation-based emissions by 8.6 Gg N2O yr-1. In North and South America, Russia, and Australasia, modelled emissions from 

tidal systems and deltas are generally lower than data-driven estimates, while North America, Russia, South Asia, and Australasia lagoon estimates are smaller in the model 

output. Fjord estimates represent the largest relative difference between modelled and data-driven estimates. 
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Table 2. Regional coastal CO2-equivalent GHG fluxes. Median [Q1-Q3] GHG fluxes from estuaries and coastal vegetation as CO2-equivalents 
(CO2e) using the GWP20 and GWP100. Negative values indicate net uptake of GHGs from the atmosphere and positive values indicate net release 
of GHGs to the atmosphere. 

 

Region Estuaries  Coastal vegetation  Estuaries + coastal vegetation 

 Tg CO2e yr-1 

(GWP20) 

Tg CO2e yr-1 

(GWP100) 

Tg CO2e yr-1 

(GWP20) 

Tg CO2e yr-1 

(GWP100) 

Tg CO2e yr-1 

(GWP20) 

Tg CO2e yr-1 

(GWP100) 

North America -20.0 [-33.6- -5.8] 
-25.6 [-33.9- - 
12.0] 

-89.1 [-123.7- -42.4] -101.8 [-131.0- -64.2] -109.0 [-157.3- -48.2] -127.4 [-165.0- -76.2] 

South America 13.3 [7.7-26.2] 11.6 [6.6-22.8] -48.5 [-66.1- -26.7] -51.1 [-66.1- -32.7] -35.1 [-58.4- -0.5] -39.5 [-59.5- -9.9] 

Europe 31.3 [28.5-36.3] 30.5 [27.9-34.9] -14.5 [-19.5- -5.7] -15.1 [-19.9- -6.4] 16.8 [9.0-30.6] 15.5 [8.1-28.5] 

Africa 25.2 [13.4-45.1] 23.4 [13.4-37.4] -110.4 [-143.3- -56.2] -115.9 [-147.1- -73.1] -85.2 [-129.9- -11.0] -92.5 [-133.7- -35.7] 

Russia 30.4 [25.7-41.9] 29.3 [25.4-38.3] -3.7 [-6.0- -1.1] -5.2 [-7.0- -3.0] 26.7 [19.7-40.8] 24.1 [18.4-35.3] 

West Asia 1.0 [0.9-1.3] 1.0 [0.9-1.2] -22.8 [-29.3- -12.6] -23.5 [-29.8- -15.0] -21.8 [-28.4- -11.3] -22.5 [-28.9- -13.8] 

East Asia 7.6 [6.2-10.4] 7.2 [6.0-9.8] -10.0 [-17.9- -2.9] -15.0 [-21.8- -9.7] -2.4 [-11.7-7.5] -7.8 [-15.7-0.1] 

South Asia 12.6 [10.6-13.9] 12.5 [10.5-13.8] -21.5 [-30.7- -8.3] -24.2 [-31.9- -13.4] -8.9 [-20.1-5.6] -11.7 [-21.4-0.4] 

Southeast Asia 12.5 [8.0-21.4] 12.3 [7.8-21.2] -164.8 [-229.1- -122.7]] -168.0 [-231.4- -126.9] -152.3 [-221.1- -101.3] -155.7 [-223.7- -105.8] 

Australasia 33.8 [22.1-42.8] 32.5 [21.4-41.4] -51.7 [-69.6- -27.9] -57.8 [-74.3- -37.3] -17.9 [-47.4-14.9] -25.3 [-52.9-4.1] 

Global 147.8 [89.6-233.5] 134.7 [85.9-208.9] -536.9 [-735.2- -306.5] -577.5 [-760.2- -381.8] -389.1 [-645.7- -73.0] -442.9 [-674.3- -172.9] 
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Online Methods 

Definitions of coastal ecosystems 

Estuaries 

We categorised estuaries into three major groups, following an updated version of the Dürr et 

al.1 typology: 1) ‘tidal systems and deltas’, which include all open tidal systems from alluvial 

estuaries to tidal bays and rias as well as deltas, thus combining types I, II and V of Dürr et 

al.’s1 typology; 2) ‘lagoons’, which include enclosed shallow estuarine systems with minimal 

tidal influence and relatively long water residence times, corresponding to type III in Dürr et 

al.’s1 typology; and 3) ‘fjords’, which include all fjords with typical U-shaped valleys created 

by glaciers as well as other coastal glacial depression such as fjärds, defined as type IV in Dürr 

et al.1. It is currently difficult to systematically define the landward boundary of estuaries, but 

the surface area (tidal river) remains small (10%) compared to the entire estuary area2. 

Therefore, in our synthesis, we exclude the upper tidal river because of insufficient data for 

GHG fluxes and unknown surface area. 

Coastal vegetation 

We refer to coastal vegetation as near-shore coastal vegetated ecosystems with salinity > 0.5 

that comprise emergent tidal 1) mangrove forests, 2) salt marshes, and 3) submergent seagrass 

meadows. We limit our analysis to these classical three coastal ‘blue carbon’ ecosystems 

because macroalgae have not been globally mapped. We exclude freshwater tidal marshes (< 

0.5 salinity) and areas of unvegetated coastal habitats such as sandy sediments and bare rocks. 

These are not well mapped but may make up a significant fraction of tidal wetlands (25–28% 

in the contiguous United States3). We follow the definitions and areal distributions provided in 

Bunting et al.4 for mangrove forests, Mcowen et al.5 for salt marshes, and United Nations 

Environment Programme World Conservation Monitoring Centre (UNEP-WCMC) and Short6 

for seagrasses. Briefly, areal mangrove forest coverage mainly captures mangrove tree canopy 

and potentially small creeks between trees but may underestimate non-terrestrial parts of 

mangrove ecosystems. Salt marshes are defined as the upper, vegetated portion of inter-tidal 

mudflats, lying approximately between mean high water neap tides and mean high water spring 

tides. The halophytic shrubs and grasses are adapted to regular or occasional flooding by tides5. 

Seagrass meadows can be fully submerged over the tidal cycle or partially exposed during low 

tide. Because seagrasses are mostly submerged, habitat mapping is challenging, and the global 

distribution remains uncertain6–8. Also, seagrass and estuary surface areas may overlap, which 
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would require matching shape files/masks of estuary maps (not available globally) with 

seagrass maps (available, see UNEP-WCMC Short6). 

Global and regional surface areas 

Estuary surface areas 

Despite the recent improvement of remote sensing imagery and Geographic Information 

Systems (GIS) which have helped better constrain the spatial distribution of ecosystems such 

as coastal wetlands in recent years4,9, the only available estimates of global estuarine surface 

areas rely on the upscaling of empirical relations rather than a systematic and exhaustive 

cartography. Woodwell et al.10 derived a ratio of estuarine surface area per length of coast from 

a US-based survey and applied it to the entire global coastline, leading to a global estimate of 

1.4 x 106 km2 including the Baltic Sea. This estimate was later revised by Dürr et al.1 using a 

type-specific approach, which brought the estimate down to ~106 km2. This later estimate is 

still largely uncertain because it was only calibrated on limited sections of the world (US, UK, 

Australia, and Sweden) and these numbers already revealed that the so-call Woodwell ratio 

varies significantly from one region to the other. Furthermore, the spatial resolution of the Dürr 

et al.1 typology of 0.5 degree assumed that only one type of estuary could be found within 

stretches of several tens of kms. 

The estuarine surface areas used in this study were calculated using a novel regionalized 

approach that combines available national databases and an extrapolation method that derives 

the total estuarine surface area of a region from the surface areas of its largest systems2. Using 

a well-established global coastal segmentation comprising 45 regions (MARgins and 

CATchment Segmentation, (MARCATS)11), a surface area was determined for each estuary 

type (tidal systems and deltas, lagoons, or fjords) in each region. Wherever exhaustive regional 

or national databases were available and covered an entire MARCATS segment (i.e., Australia, 

New Zealand, and all lagoons surrounding the Mediterranean Sea), the type-specific surface 

areas were extracted from these databases by assigning each identified system to a given type. 

In other regions, the surface areas were extrapolated from the 5 to 10 largest systems. The 

extrapolation method relies on the observation that the cumulative estuarine surface area 

expressed as a function of the number of estuaries ranked by decreasing size within a 

sufficiently large stretch of coastline can be fitted by an equation of the form S = (a * N) / (b + 

N) with S being the total estuarine surface area (in km2), N, the number of estuaries and a and 

b dimensionless calibration coefficients. Using several extensive national estuarine databases 

(Australia, New Zealand, United States), it was shown that fitting the parameters of this generic 
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formula using only the 10 largest estuaries of a given region generally allows predicting the 

total cumulative surface area of the region with a 9 % accuracy. This uncertainty due to 

extrapolation is complemented by an uncertainty associated with the accuracy in estimating the 

surface areas of the individual systems used to perform the calculations and which range from 

4 to 15% depending on the estuarine type. Within each MARCATS, the surface areas of the 10 

largest systems of each estuarine type were gathered from national databases (United Kingdom, 

Mexico, United States, Australia, South Africa, South Korea), regional surveys (FAO, 

UNESCO), global databases (Sea Around Us) or calculated individually using GIS. Those data 

were then sorted and fitted using the equation described above to derive the estuarine surface 

area for each MARCATS and each estuarine type, and finally summed to obtain the area for 

each of the ten RECCAP2 regions. For further details, see Laruelle et al.2. 

Coastal vegetation surface areas 

For all three coastal vegetation types, we segmented the vegetation area given as a global 

collection of polygons4–6 into the larger MARCATS regions11 using the following approach: 

The MARCTAS regions were first converted from the raster format to polygons using the 

python package rasterio12. To find the area of each coastal vegetation type within a given 

MARCATS region we first dissolved overlapping individual polygons to avoid overestimation 

of the vegetation area. We found the union of each polygon and the larger MARCATS region 

and recalculated the area using the EPSG:6933 projection, using the python package 

geopandas13, and finally summed these values. The same process was repeated for each large- 

scale MARCATS region and vegetation type individually. The available shapefiles for 

MARCATS regions were converted from gridded outputs to polygons using rasterio12. Using 

geopandas for each region, we dissolved overlapping polygons and calculated the area of each 

polygon within the region using the EPSG:6933 projection, and finally summed the area for 

each of the ten RECCAP2 regions. 

Estuary GHG fluxes 

We calculated estuary water-air fluxes of CO2, CH4 and N2O based on data from peer-reviewed 

publications until the end of 2020. For each site/study location (> 10 km apart), we averaged 

spatial and seasonal variation to a single water-air flux density, resulting in 204 sites for CO2, 

157 sites for CH4 and 123 sites for N2O, globally, which are 20%, 21% and 85% more sites 

compared to previous global syntheses for CO2 (Chen et al.14), CH4 (Rosentreter et al.15), and 

N2O (Murray et al.16), respectively. Each site/flux density was then distributed following the 
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ten RECCAP2 regions using lat/long coordinates provided in the original studies or from 

Google Earth based on the study site description. Sites were categorised as either ‘tidal systems 

and deltas’, ‘lagoons’, or ‘fjords’ based on the authors’ characterisation of their study site. In 

systems for which the site description was ambiguous or not detailed enough, the type was 

assigned following the hierarchical steps for estuarine type determination provided by Dürr et 

al.1 which are based on hydrological, lithological, and morphological criteria. Estuary CO2 and 

CH4 emissions have not been modelled at global scales because of the lack of an existing 

spatially explicit global estuarine model designed to perform such a task. However, we 

supplemented the literature-derived empirical estuarine estimates of N2O emissions with 

results from the spatially explicit global model from Maavara et al.17. These authors used a 

stochastic-mechanistic model representing generalized nitrogen dynamics for water body types 

directly connected to river networks worldwide to extract relationships predicting N2O 

emissions from water residence times and total nitrogen (TN) yields (i.e., area-normalized 

loads) delivered to each estuary. The global TN loads were calculated using an approach 

inspired by Global-NEWS models18, and spatially routed nitrogen through an inland water 

network joined to the estuaries accounted for in Dürr et al.1. Emissions factors were calculated 

using scenarios that reflect existing literature assumptions and datasets. The model was 

aggregated at a spatial resolution of 0.5 degrees, which is the same used by Dürr et al.1 for their 

estuarine typology. Each watershed thus was assigned an estuarine type based on the type of 

the coastal cell in which the mouth of the watershed was located. Complete model details are 

available in Maavara et al.17. 

Coastal vegetation GHG fluxes 

Our literature search until the end of 2020 resulted in 37 sites for CO2, 162 sites for CH4 and 

55 sites for N2O in coastal vegetation, which are 15% and 42% more sites compared to previous 

global syntheses of coastal wetlands for CH4 (Rosentreter et al.15) and N2O (Murray et al.16), 

respectivly. This is the first global synthesis for CO2 that uses only long-term eddy-covariance 

measurements (including some unpublished data) in coastal vegetation. For coastal vegetation 

CO2 fluxes, we exclude chamber measurements as they do not provide information on CO2 

exchange at the ecosystem scale. Although EC towers are still relatively rare in coastal 

vegetation, this method provides robust high-resolution long-term monthly, seasonal, and often 

annual data of net ecosystem exchange. EC measurements of CH4 and N2O are extremely rare 

in coastal wetlands. Therefore, we combined the few existing EC data with water-air, sediment- 

air, plant-air, and sediment-water CH4 or N2O fluxes where available. 
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CO2-equivalent fluxes 

For the purpose of directly comparing the relative radiative forcing effects of CO2, CH4, and 

N2O to one another, we express GHG fluxes as CO2-equivalents for the 20-year and 100-year 

time horizons using the global warming potential (GWP20 and GWP100) reported in the most 

recent IPCC assessment report19. Accordingly, over a 20-year time period, which is important 

for climate policies based on shorter timescales, 1 kg of CH4 and N2O have the same global 

warming potential as 81.2 kg or 273 kg of CO2, respectively. Over a 100-year time period, 1 

kg of CH4 or N2O have the same global warming potential as 27.9 kg or 273 kg of CO2, 

respectively. The net contemporary GHG balance for a given region, ecosystem, and time 

horizon is the sum of the CO2-equivalents over the three gases. 

Data analyses and upscaling method 

Data processing and statistical analyses were performed in R software20. A non-parametric 

bootstrapping method using the package boot in R was applied to resample flux densities for 

each of the 3 gases in each of the 6 ecosystems (3 estuary types and 3 coastal vegetation types) 

and in each of the 10 RECCAP2 regions (Supplementary Figure S3). The bootstrapping method 

used 1,000 iterations of the median of samples to produce a smoothed distribution of flux 

densities, and to generate a full set of statistics (minimum, Q1, median, mean, Q3, maximum). 

Results from non-parametric bootstrapping were then multiplied by the corresponding surface 

area of each of the 6 ecosystem types in each of the 10 RECCAP2 regions. If an ecosystem 

type had less than three sites in a region, we applied the global statistics of this type in this 

region. 

Uncertainty analysis 

Uncertainties associated with flux densities were derived from the bootstrapping method that 

generated a full set of statistics including the first (Q1) and third (Q3) quartiles of the datasets. 

For estuarine surface areas, the normality of the distribution was successfully tested and 

allowed deriving upper and lower 95% confidence intervals (c.i.) as well as the first (Q1) and 

third (Q3) quartiles from the standard deviation2. Global mangrove forest has been successfully 

mapped with an overall accuracy of 99% likelihood that the true value is between 93.6-94.5%4. 

The global extent of salt marshes is relatively uncertain with recent global estimates ranging 

from 55,0005 to 90,800 km2 9. Submerged seagrasses are challenging to map and current global 

estimates are highly uncertain. The most recent and continuously updated global seagrass 
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mapping effort by UNEP-WCMC and Short6 does not estimate uncertainty. Here, we assume 

an area per region uncertainty of 5%, 10%, and 20% for mangroves, salt marshes, and 

seagrasses, respectively, noting that these uncertainties could be significantly larger for the 

latter two types of coastal vegetation. We then combined the respective uncertainties of GHG 

flux densities with uncertainties of surface area of either estuaries or coastal vegetation using 

the ‘Root Sum of the Squares’ method, which calculates the square-root of the linear sum of 

the squared standard uncertainty components, treating the uncertainty contributors as 

statistically independent. We present the combined uncertainties of Q1 and Q3 in accordance 

with the median (Q2) in the main article, because this statistical set represents the most 

appropriate measure of the non-normally distributed GHG fluxes. 
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Figure S1: Regional and global surface areas of coastal vegetation 
 

 

 

 

 
 

 

Figure caption: Map showing the ten RECCAP2 regions and global coastal vegetation 

distribution of mangrove forest, salt marshes, and seagrass meadows. To the right: regional 

surface areas (km2) of mangroves, salt marshes, and seagrasses in the ten world regions. 



Figure S2: Bootstrapping approach 
 

 

 
 

 

 

Figure caption: Bootstrapping was applied to randomly resample flux densities of the three 

greenhouse gases (level 1) for each estuary or coastal vegetation types (level 2) for each of the 

10 RECCAP2 regions (level 3) before upscaling to specific surface areas. 



Figure S3 Greenhouse gas study site locations in estuaries and coastal vegetation 

 

 

 
 

 
 

Figure caption: Map showing locations of CO2, CH4, and N2O flux studies in the ten 

RECCAP2 regions in estuaries (left side): tidal systems and deltas, lagoons, and fjords, and 

coastal vegetation (right side): in mangroves, salt marshes, and seagrasses, from peer- 

reviewed publications until the end of 2020. Exact number of study sites can be found in 

Supplementary Table S8. 



 

 

 

Table S1: Previous global estimates of estuary and coastal vegetation CO2 fluxes 
 

System 
CO2 flux 

(Pg CO2 yr-1) 

n = 

sites 

Surface area 

(x 106 km2) 
Surface area reference 

Global estimate 

reference 
Notes 

Tidal wetlands 2.82-11.66    Duarte et al. (2005)1 Net ecosystem production (NEP) 

Salt marshes and 

mangroves 
0.51 

   
Duarte (2017)2 Net primary production (NPP) 

Seagrasses 1.47    Duarte (2017)2 Net primary production (NPP) 

Mangroves 0.16 7 0.2  Borges et al. (2003)3 Water-air flux only 

Mangroves 0.15 ± 0.14  0.16 FAO (2003)4 Bouillon et al. (2008)5 Water-air flux only, mean ± SE 

Mangroves 0.16 
 

0.150791 Spalding et al. (2010)6 
Alongi and 

Mukhopadhyay (2015)7 
Water-air flux only 

Mangroves 0.17 
 

0.146 FAO (2003)4 
Koné and Borges 

(2008)8 
Water-air flux only 

Mangroves 0.095  0.138 Giri et al. (2011)9 Alongi (2014)10 Water-air flux only 

Mangroves 0.13 ± 0.02 36 0.137760 Giri et al. (2011)9 
Rosentreter et al. 

(2018)11 
Water-air flux only, mean ± SE 

Tidal wetlands -0.55    Cai (2011)12  

Tidal wetlands -1.65 ± 1.65  0.4  Bauer et al. (2013)13  

Tidal wetlands -1.1 & -0.55    Regnier et al. (2013)14 2 estimates (1750 & 2010), 

Salt marshes and 

mangroves 
-0.66 ± 0.29 

   
Regnier et al. (2022)15 2 sigma error 

Submerged 

vegetation in 
estuaries 

 

-0.18 ± 0.15 

   
Regnier et al. (2022)15 

 

2 sigma error 

 

Estuaries 
 

2.2 
 

19 
 

1.4 Woodwell et al. (1973)16 
Abril and Borges 

(2004)17 

 

Including intertidal areas 

Estuaries 1.6 16 0.94 Woodwell et al. (1973)16 Borges (2005)18 Excluding intertidal areas 



 

 

 

Estuaries 1.2 16 0.94 Woodwell et al. (1973)16 Borges et al. (2005)19 Excluding intertidal areas 

 

Estuaries 
 

1.3 
 

32 
 

0.943 Woodwell et al. (1973)16 
Chen and Borges 

(2009)20 

 

Excluding intertidal areas 

Estuaries 0.98 ± 0.83 60 1.067 Dürr et al. (2011)21 Laruelle et al. (2010)22  

Estuaries 0.92  1.05 Dürr et al. (2011)21 Cai (2011)12  

 

Estuaries 
 

0.98 ± 0.83 
 

62 
 

1.067 Dürr et al. (2011)21 
Borges and Abril 

(2011)23 

 

Estuaries 0.95 106 1.07 Dürr et al. (2011)21 Chen et al. (2012)24 Area-weighted fluxes 

Estuaries 0.55 161 1.0 Laruelle et al. (2013) Laruelle et al. (2013)25 68 of the sites use a relationship 

with NEM, area-weighted fluxes 

Estuaries 0.92 ± 0.92  1.1 Dürr et al. (2011)21 Regnier et al. (2013)14  

Estuaries 0.92 ± 0.92  1.1 Dürr et al. (2011)21 Bauer et al. (2013)13 95% confidence range 

Estuaries 0.4 165 1.0 Laruelle et al. (2013) Chen et al. (2013)26  

Estuaries 0.55    Regnier et al. (2022)15 Based on Laruelle et al. (2013) 



 

 

 

Table S2: Previous global estimates of estuary and coastal vegetation CH4 fluxes 
 

System 
CH4 flux 

(Tg CH4 yr-1) 

n = 

sites 

Surface area 

(x 106 km2) 
Surface area reference Global estimate reference Notes 

 
Mangroves 

 
0.03-1.7 

 
23 

 
0.137760 

 
Giri et al. (2011)9 

 
Rosentreter et al. (2018)27 

Water-air and sediment-air 

fluxes, upscaled based on 

arithmetic means, does not 
report medians 

 

Mangroves 
 

3.68-4 

 
0.137760 - 

0.152361 
Mcleod et al. (2011)28 

Al-Haj and Fulweiler 

(2020)29 

Upscaled based on arithmetic 

means 

Mangroves 0.21 ± 0.91 59 0.137600 Bunting et al. (2018)30 Rosentreter et al. (2021)31 Median (± 95% C.I.) 

 

Salt marshes 
 

1.1 

  

0.054951 Mcowen et al. (2017)32 
Al-Haj and Fulweiler 

(2020)29 

Upscaled based on arithmetic 

means 

Salt marshes 0.18 ± 1.51 60 0.054951 Mcowen et al. (2017)32 Rosentreter et al. (2021)31 Median (± 95% C.I.) 

 

Seagrasses 
 

0.09-2.7 

  

0.15-4.32 Duarte (2017)2 
Garcias-Bonet and Duarte 

(2017)33 

 

Flux (n=13) per species 

 

 
Seagrasses 

 

 
0.5-1.0 

  

 
0.788-1.6468 

Jayathilake and Costello 

(2018)34; 

Davidson and Finlayson 

(2019)35 

 
Al-Haj and Fulweiler 

(2020)29 

 
 

Upscaled based on arithmetic 

means 

Seagrasses 0.13 ± 0.09 18 0.266582 Mckenzie et al. (2020)36 Rosentreter et al. (2021)31 Median (± 95% C.I.) 

Estuaries 0.8-1.32 
 

1.4 Woodwell et al. (1973)16 Bange et al. (1994)37 Literature compilation, applied 

global exchange coefficient 



 

 

 
 

Estuaries 
 

0.9-1.7 

  

1.4 Woodwell et al. (1973)16 
Upstill-Goddard et al. 

(2000)38 

Upscaled based on mean river 
CH4 concentration and 90% 

estuarine CH4 removal 

Estuaries 1.8-3.0 8 1.4 Woodwell et al. (1973)16 Middelburg et al. (2002)39 Literature compilation, applied 

global exchange coefficient 

 

Estuaries 
 

6.6 
 

32 
 

1.1 Dürr et al. (2011)21 Borges and Abril (2011)23 
Estuaries and some coastal 

wetlands combined, upscaled 

based on arithmetic means 

 

Estuaries 
 

0.23 ± 0.29 
 

124 
 

1.02 

Woodwell et al. (1973)16; 

Dürr et al. (2011)21 
Rosentreter et al. (2021)31 

 

Median (± 95% C.I.) 



 

 

 

Table S3: Previous global estimates of estuary and coastal vegetation N2O fluxes 
 

System 
N2O flux 

(Tg N2O yr-1) 

n = 

sites 

Surface area 

(x 106 km2) 
Surface area reference 

Global estimate 

reference 
Notes 

Mangroves 0.014-0.56 4 0.18 Spalding (1997)40 Corredor et al. (1999)41 Seasonal study, extrapolation 

based on four sites 

 

Mangroves 
 

0.12 
 

1 
 

0.56 

Borges et al. (2003)3; 

Selvam (2003)42 
Barnes et al. (2006)43 Seasonal study, extrapolation 

based on one site 

Mangroves 0.11 1 0.56 
 Chauhan et al. (2008)44 Seasonal study, extrapolation 

based on one site 

Mangroves 0.05 16 0.15 Pendleton et al. (2012)45 Murray et al. (2015)46 Literature compilation of fluxes, 
median 

Salt marshes 0.006 15 0.05 Pendleton et al. (2012)45 Murray et al. (2015)46 Literature compilation of fluxes, 

median 

Seagrasses 0.046 9 0.3 Pendleton et al. (2012)45 Murray et al. (2015)46 Literature compilation, based on 
N2O/N ratios, median 

Estuaries 0.22 1 1.4 Woodwell (1980)47 Law et al. (1992)48 Seasonal study, extrapolation 

based on one estuary 

Estuaries 3.7-5.7 11 1.4 Woodwell (1980)47 Bange et al. (1996)49 Literature compilation, applied 
global exchange coefficient 

 

Estuaries 
 

0.11-1.08 

   Seitzinger and Kroeze 

(1998)50 

Derived from NEWS model, N 

model 

Estuaries 0.71 1 1.4 Woodwell (1980)47 Robinson et al. (1998)51 Seasonal study, extrapolation 

based on one estuary 

 

Estuaries 
 

1.5 
 

1 
 

1.4 

Whittaker and Likens 

(1975)52 

De Wilde and de Bie 

(2000)53 

Seasonal study, extrapolation 

based on one estuary 

Estuaries 0.39 1   Kroeze et al. (2005)54 Derived from NEWS model 

Estuaries 0.16-0.94    Kroeze et al. (2010)55 Derived from NEWS model 



 

 

 
 

Estuaries 
 

0.36 (0.20-0.69) 
 

22 
 

1.25 

Woodwell (1980)47; Dürr 

et al. (2011)21 
Murray et al. (2015)46 Literature compilation of fluxes, 

median, estuarine open waters 

 

Estuaries 
 

0.09-0.24 

  

1.1 

Woodwell et al. (1973)16; 

Dürr et al. (2011)21 
Maavara et al. (2019)56 

 

Derived from NEWS model 

Estuaries 0.4 
 

1.25 Murray et al. (2015)46 Zheng et al. (2022)57 Literature compilation, statistical 

mean of flux data 



 

 

 

Table S4: Surface areas in estuaries and coastal vegetation 

Regional and global estuary and coastal vegetation surface areas in km2. NA indicates that estuary or coastal vegetation type is absent in this 

region. The estuarine surface area uncertainty is given as ±2 sigma (Laruelle et al.58). For mangroves, salt marshes, and seagrasses no regional 

uncertainty measures are available from global maps, therefore we assume 5%, 10%, and 20%, respectively, per RECCAP2 region for our 

uncertainty analysis (see Methods). 

 

Regions 

 
Tidal 

systems/deltas 

 

Lagoons 

 

Fjords 

 

Mangroves 

 

Salt marshes 

 

Seagrasses 

North America 67,197± 19,345 68,044± 9,627 193,644± 21,404 20,910± 1,045 22,672± 2,267 61,110± 12,222 

South America 57,946± 14,436 31,332± 5,349 21,988± 4,113 18,990± 950 1,564± 156 2,136± 427 

Europe 14,287± 3,435 14,452± 3,154 24,306± 3,593 NA 3,975± 397 19,365± 3,873 

Africa 22,494± 5,252 14,688± 2,214 NA 27,086± 1,354 119± 12 79,201± 15,840 

Russia 53,548± 12,778 20,200± 2,483 18,182± 3,254 NA 7,044± 704 961± 192 

West Asia 1,395± 630 1,070± 179 NA 267± 13 318± 32 38,352± 7,670 

East Asia 10,421± 3,353 2,137± 924 NA 243± 12 5,475± 547 9,984± 1,997 

South Asia 22,750± 7,903 5,421± 1,228 NA 8,402± 420 NA 6,873± 1,375 

Southeast Asia 19,878± 6,895 2,542± 236 NA 49,967± 2,498 NA 63,631± 12,726 

Australasia 25,041± 6,344 20,060± 780 779± 18 9,948± 497 13,383± 1,338 41,009± 8,202 

       

Global (km2) 294,956± 30,780 179,946± 12,056 258,899± 22,328 135,812± 6,790 54,550± 5,455 322,620± 64,524 



Table S5: CO2 flux densities in estuaries and coastal vegetation 

Median [Q1-Q3] estuary water-air CO2 flux densities and coastal vegetation CO2 flux densities for each RECCAP2 region and as global total. n < 

3 indicates that less than 3 sites were available in this region. NA indicates that estuary or coastal vegetation type is absent in this region. Positive 

values indicate a flux from the ecosystem/water to the atmosphere, negative values indicate a flux from the atmosphere to the ecosystem/water. 

 

 

 
 CO2 (g CO2 m-2 d-1) CO2 (g CO2 m-2 yr-1) 

Region Tidal systems/ 

deltas 

Lagoons Fjords Mangroves Salt marshes Seagrasses 

North America 0.52 [0.43-0.65] 0.36 [0.14-0.57] -0.81 [-1.08- -0.43] n < 3 -741 [-777- -656] n < 3 

South America 0.60 [0.08-1.57] n < 3 n < 3 n < 3 n < 3 n < 3 

Europe 4.77 [4.52-5.76] n < 3 0.02 [-0.48-0.42] NA -968 [-1,173- -359] n < 3 

Africa 1.19 [0.74-1.87] 2.22 [0.61-3.74] NA n < 3 n < 3 n < 3 

Russia n < 3 n < 3 n < 3 NA n < 3 n < 3 

West Asia n < 3 n < 3 NA n < 3 n < 3 n < 3 

East Asia 1.42 [1.29-1.88] n < 3 NA n < 3 -2,108 [-2,328- -1,885] n < 3 

South Asia 0.53 [0.45-0.61] 4.00 [3.61-4.24] NA n < 3 NA n < 3 

Southeast Asia 1.38 [0.78-1.92] n < 3 NA -2,644 [-3,414- -2,508] n < 3 n < 3 

Australasia 2.65 [1.80-2.96] 0.95 [0.36-2.40] n < 3 n < 3 n < 3 n < 3 

       

Global 1.22 [1.02-1.49] 0.71 [0.57-0.95] -0.34 [-0.61-0.10] -2,647 [-3036- -2,508] -777 [-1,082- -763] -594 [-1,082- -183] 



Table S6: CH4 flux densities in estuaries and coastal vegetation 

Median [Q1-Q3] estuary water-air CH4 flux densities and coastal vegetation CH4 flux densities for each RECCAP2 region and as global total. n < 

3 indicates that less than 3 sites were available in this region. NA indicates that estuary or coastal vegetation type is absent in this region. Positive 

values indicate a flux from the ecosystem/water to the atmosphere, negative values indicate a flux from the atmosphere to the ecosystem/water. 

 

 

 CH4 (mg CH4 m-2 d-1) CH4 (mg CH4 m-2 d-1) 

Region Tidal systems/ 

deltas 

Lagoons Fjords Mangroves Salt marshes Seagrasses 

North America 2.90 [2.90-5.14] n < 3 0.03 [0.01-0.05] 18.48 [13.77-24.50] 9.71 [5.41-15.60] 0.75 [0.45-0.80] 

South America n < 3 n < 3 0.04 [0.03-0.08] 6.10 [0.03-13.68] n < 3 n < 3 

Europe 1.35 [1.05-1.78] n < 3 0.09 [0.06-0.32] NA 0.62 [0.48-0.99] n < 3 

Africa n < 3 5.25 [1.25-5.41] NA n < 3 n < 3 n < 3 

Russia 0.55 [0.17-1.77] n < 3 n < 3 NA n < 3 n < 3 

West Asia n < 3 n < 3 NA 0.08 [0.05-1.13] n < 3 0.88 [0.44-1.20] 

East Asia 1.64 [0.91-2.37] n < 3 NA 21.19 [13.65-26.43] 43.68 [23.64-46.47] n < 3 

South Asia 0.04 [0.01-0.04] 0.85 [0.30-2.07] NA 15.38 [6.70-25.21] NA n < 3 

Southeast Asia 0.43 [0.37-0.49] n < 3 NA 1.37 [1.23-2.00] n < 3 n < 3 

Australasia 1.53 [1.17-1.83] n < 3 n < 3 5.03 [3.42-7.24] n < 3 3.02 [0.22-3.02] 

       

Global 0.77 [0.67-0.85] 1.32 [0.77-1.54] 0.04 [0.03-0.06] 6.11 [4.64-7.51] 10.57 [6.23-15.36] 1.47 [1.20-1.63] 



Table S7: N2O flux densities in estuaries and coastal vegetation 

Median [Q1-Q3] estuary water-air N2O flux densities and coastal vegetation N2O flux densities for each RECCAP2 region and as global total. n 
< 3 indicates that less than 3 sites were available in this region. NA indicates that estuary or coastal vegetation type is absent in this region. Positive 

values indicate a flux from the ecosystem/water to the atmosphere, negative values indicate a flux from the atmosphere to the ecosystem/water. 

 

 

 N2O (mg N2O m-2 d-1) N2O (mg N2O m-2 d-1) 

Region Tidal systems/ 

deltas 

Lagoons Fjords Mangroves Salt marshes Seagrasses 

North America 0.38 [0.24-0.52] n < 3 n < 3 n < 3 -0.03 [-0.05- -0.10] n < 3 

South America n < 3 n < 3 0.16 [0.12-0.18] n < 3 n < 3 n < 3 

Europe 0.53 [0.43-0.65] n < 3 n < 3 NA 0.05 [-0.48-0.53] n < 3 

Africa n < 3 n < 3 NA n < 3 n < 3 n < 3 

Russia n < 3 n < 3 n < 3 NA n < 3 n < 3 

West Asia n < 3 n < 3 NA n < 3 n < 3 n < 3 

East Asia 0.99 [0.72-1.44] n < 3 NA 6.77 [2.32-12.64] 0.64 [0.12-1.41] n < 3 

South Asia 0.01 [0.007-0.03] 0.20 [0.15-0.54] NA 0.89 [0.62-2.60] NA n < 3 

Southeast Asia 0.72 [0.22-1.35] n < 3 NA n < 3 n < 3 n < 3 

Australasia 0.19 [0.18-0.20] n < 3 n < 3 0.04 [0.02-0.05] n < 3 -0.04 [-0.05- -0.04] 

       

Global 0.25 [0.20-0.29] 0.15 [0.09-0.20] 0.17 [0.13-0.22] 0.13 [0.05-0.23] 0.11 [0.009-0.20] -0.04 [-0.05- -0.03] 

Model 0.46 0.22 0.32    



Table S8: Number of sites of GHG fluxes in estuaries and coastal vegetation 
 

 

 

Ecosystem type CO2 CH4 N2O 

Tidal systems/deltas 165 111 93 

Lagoons 26 12 8 

Fjords 13 34 22 

Mangroves 9 67 27 

Salt marshes 22 73 20 

Seagrasses 6 22 8 

Total 738 
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