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Abstract:  

The response of mangroves to high rates of relative sea-level rise (RSLR) is poorly understood. 

We explore the limits of mangrove vertical accretion to sustained periods of RSLR in the final 

stages of deglaciation. The timing of initiation and rate of mangrove vertical accretion was 

compared to independently modelled rates of RSLR for 78 locations. Mangrove forests expanded 20 

between 9800 and 7500 years ago, vertically accreting thick sequences of organic secdiments at 

a rate principally driven by the rate of RSLR, representing an important carbon sink. We found it 

very likely (>90% probability) that mangroves were unable to initiate sustained accretion when 

RSLR rates exceeded 6.1 mm yr-1. This threshold is likely to be surpassed on tropical coastlines 

within 30 years under high emissions scenarios.  25 

One Sentence Summary: Mangrove response to sea-level rise in the final stages of deglaciation 

reveal thresholds possibly exceeded in the next 30 years  

mailto:neil.saintilan@mq.edu.au
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Main Text:  

The rate of relative sea-level rise (RSLR) in tropical and subtropical locations is projected to 

accelerate from current trends of ~3.4 mm yr-1 to a mean estimate of ~5 mm yr-1 under low-

emissions scenarios and ~10 mm yr-1 under high emissions scenarios by 2100 (1,2). Modelling of 5 

feedbacks between RSLR, vertical accretion, root mass formation, and tidal marsh and mangrove 

vulnerability under sustained high rates of RSLR is vital for the survival of these ecologically 

and economically important coastal environments (2). Some tidal marshes have been projected to 

survive RSLR of over 10 mm yr-1 where supported by high available suspended sediment 

concentrations (3), based on accretion data that span annual to decadal timescales. 10 

Reconstructions using paleoenvironmental proxies, however have suggested UK marshes were 

vulnerable to retreat at RSLR of 7 mm yr-1 (4). 

Mangroves grow in sheltered intertidal environments that are exposed to the effects of RSLR (5). 

They support among the highest rates of carbon burial of all ecosystems (6), and a growing body 

of evidence suggests this efficiency is enhanced by RSLR (7). However, empirical data on 15 

mangrove response to high rates of RSLR are lacking, given the limited observation period (1-16 

years) of real-time measurements (5).  

Here we assess the mangrove response to RSLR from the paleorecord of mangrove vertical 

accretion preserved in the sedimentary archives of continental shelves and coastal lowlands. 

Mangrove forests have initiated and drowned in association with variability in the rate of RSLR 20 

following the onset of deglaciation ~26,000 to 20,000 years ago (8).  Prior to the Holocene, long-

term RSLR rates of >12mm yr-1 (8) exceeded the capacity of mangroves to maintain position in-

situ through vertical accretion, and mangroves were displaced landward (9), with few exceptions 

(10,11). During the early to mid Holocene, RSLR slowed in association with the final phase of 
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deglaciation of the Laurentide ice sheet (12). The rate of RSLR varied across the globe due to 

glacio-isostatic adjustment, the response of the solid Earth and gravity field to ice mass 

redistribution during a glacial cycle (13). Far-field sites, those distal from regions of former ice 

sheet extent and incorporating most of the tropics, exhibit a decline in the rate of RSLR (14) 

from from 10,000 to 7,000 years ago (Phase 1 in Fig. 1A), followed by stable or falling sea level 5 

to near current position from ~6000 years ago to present (Phase 2 in Fig. 1A). In contrast, at 

intermediate-field sites closer to centres of glaciation (for example, the Gulf of Mexico and the 

Caribbean), sea level rose continuously throughout the Holocene due to isostatic response to 

melting of the Laurentide ice sheet. These coastlines have experienced a decelerating rate of 

RSLR from 10,000 years ago to the present (Fig. 1B and Figs. S5 and S6).  10 

The spatially-variable deceleration of RSLR  from 10,000 to 8,000 years ago across tropical and 

subtropical latitudes coincided with the initiation of vertically continuous, organic-rich mangrove 

sediments several metres thick, as rising seas flooded shallow continental shelves (Phase 1 in 

Fig. 1A,B) (15). This deceleration provides an opportunity to explore whether: (i) the rate of 

mangrove vertical accretion responds to changes in RSLR; (ii) ice-sheet proximity (intermediate 15 

vs far field), geomorphic setting or tidal range constrain the capacity of mangroves to accrete in 

relation to RSLR; (iii) upper thresholds of mangrove vertical accretion can be detected; and (iv) 

mangrove development and vertical accretion correspond in timing to changes in the global 

atmospheric carbon budget. 

We present empirical data from 122 reconstructions of the timing and rate of mangrove vertical 20 

accretion associated with Holocene RSLR in cores collected from 78 tropical and subtropical 

locations (Fig. 2, 14). We independently estimate rates of RSLR for each of the 78 locations 
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prior to and for the duration of mangrove vertical accretion from a glacio-isostatic adjustment 

model using an ensemble of different Earth parameters (16) (Fig. 3 and Figs. S5 and S6).  

Slowing RSLR during the early to mid Holocene coincided with the initiation of extensive 

mangrove forests (Fig 1A, Phase 1; Fig. 3A,B). Our analysis suggests that sustained mangrove 

vertical accretion began across far-field regions (Africa, Asia, Australasia, South America) at 5 

~10,000-8,000 years ago, and intermediate-field regions (Caribbean, Gulf of Mexico) at ~8,000-

6,000 years ago (Fig. 3 and Figs. S1 and S2). Data were discriminated on the basis of ice-sheet 

proximity, geomorphic setting, and differentiated by tidal regime to explore differences in the 

timing of initiation and rates of vertical accretion (14). The intermediate- and far-field 

classifications, defined as a function of a location’s proximity to areas of major ice sheet retreat 10 

during the last deglaciation, act as a surrogate variable for the temporal pattern of RSLR rates 

through the Holocene, which in turn influences the availability of accommodation space within 

which mangroves can accrete vertically. In a generalised linear model of several variables, only 

the proximity to former ice sheets proved to have a significant relationship with accretion rates 

(14).  15 

We found a strong relationship (p<0.001) between rates of mangrove vertical accretion and 

RSLR rate across all sites (51% of the variation in the accretion rate can be explained by the 

RSLR variation; Fig. 3). Mangrove vertical accretion first initiated at ~9,800 years ago in the 

Ganges-Brahmaputra River Delta, as RSLR reduced from ~9 mm yr-1 to ~6 mm yr-1, and 

continued for ~650 years at high rates until replaced by subtidal deposits as RSLR increased 20 

again to >7 mm yr-1 (14).  Elsewhere in far-field locations, mangrove vertical accretion initiated 

as RSLR declined below ~7 mm yr-1 starting 8,800 years ago (Fig. 3). Rates of vertical accretion 

of >6 mm yr-1 were sustained for over 1,000 years in mangrove forests in Australia, Africa, South 
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America, Central America, and Asia (Fig. 2, Data S1), irrespective of geomorphic setting (Fig. 

S1). 

Mangrove vertical accretion initiated in intermediate-field regions later than in far-field 

locations, first in Belize ~7,800 years ago as RSLR fell below ~5mm yr-1 and in other Caribbean 

and Gulf of Mexico sites between 7,500 and 6,000 years ago (Fig. 2 and Fig. 3 and Table S1). 5 

This later initiation, in comparison to far-field regions, may be related to the limited 

allochthonous sediment supply available in the carbonate (reef) settings, although in Belize rates 

of accretion of over 6 mm yr-1 were observed at two sites (Data S1), driven by strong 

authochthonous inputs.  

We use a Bayesian framework to estimate the probability of initiation of mangrove accretion 10 

conditional upon rates of RSLR within the Holocene dataset (14). The empirical Holocene data 

(Data S1), which span a wide range of geomorphic settings and tidal regimes (Fig. S2), suggest 

that when RSLR rates exceed 6.1 mm yr-1 and 7.6 mm yr-1, respectively, mangroves are very 

likely (>90% probability) and extremely likely (>95% probability) to be unable to initiate 

sustained accretion. We found lower RSLR thresholds for intermediate-field sites, and higher 15 

thresholds for far-field sites (Table 1).  

Our database also reveals spatial variability in the duration of mangrove accretion (Figs. S1 and 

S2). In only three of 50 far-field locations was there indication of drowning of mangroves during 

a marine transgression (i.e., mangrove sediments overlain by tidal or subtidal deposits: Data S1). 

In most far-field locations (30 of 50), accretion and progrodation of the fluvial delta led to the 20 

replacement of mangrove by saltmarsh (characteristic of upper intertidal elevations), freshwater 

wetland, or terrestrial forest, often by the mid-Holocene when relative sea level stabilised (Data 

S1; Fig 1A Phase 2). For this reason, contemporary mangrove extent is highly contracted 
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compared to the early- and mid-Holocene mangrove development in many major river deltas 

such as the Ord River, Australia, the Red River, Vietnam, and the Mekong River, Vietnam and 

Cambodia (15, 18-20). Mangrove accretion persisted significantly longer at intermediate-field 

locations (Fig. S2) because accommodation space was enhanced by glacio-isostatic adjustment.  

The extensive development of mangrove environments under RSLR has exerted a significant 5 

influence on global carbon cycles over geologic timescales (21) including, we suggest, during 

the early to mid Holocene (Fig. 4). Carbon balance modelling based on stable carbon isotope 

signatures suggests that the 5 p.p.m.v reduction in atmospheric CO2 in the early-Holocene was 

driven by increases in the uptake of carbon by the land biosphere on the order of 290 Pg C 

(22,23) prior to 7,000 years ago. The timing and volume of this uptake has been attributed to the 10 

northward expansion of boreal vegetation following ice-sheet retreat (~110 Pg C (24)), and 

organic soil development (180 Pg C ( 23)), of which circumarctic peatlands may have 

sequestered 20-60 Pg C based on the depth of peat formation at the time (24). We conservatively 

estimate a somewhat larger contribution (~85 Pg C) from mangrove carbon sequestration and 

burial over the period 8,600 to 6,000 years ago (14). The extensive development of mangrove 15 

forests over this period largely replaced methanogenic environments (freshwater wetlands and 

floodplains (Data S1; 25)) and corresponds to a declining rates of methane emission, particularly 

in the Southern Hemisphere (26). The 13CH4 signals in the Southern Hemisphere for this period 

show a 1.5‰ depletion consistent with a replacement of vegetation utilising the C4 

photosynthetic pathway (tropical grasslands and saltmarsh adapted to low atmospheric CO2) with 20 

mangroves utilising the C3 pathway (26,27).  

As RSLR increases in the 21st century, an increase in the rate of mangrove vertical accretion, 

coupled with landward expansion as sea level rises can be expected to drive increases in the rate 
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of carbon sequestration and preservation in mangroves environments, providing a negative 

feedback on radiative forcing, as suggested more broadly for coastal wetlands (7). While our 

results demonstrate that accretion in mangroves increases in response to RSLR, we found it was 

very likely (>90% probability) that mangroves were unable to initiate sustained accretion when 

RSLR rates exceeded 6.1 mm yr-1 in any but the most sediment-laden settings. RSLR is 5 

projected to remain below 5 mm yr-1 under low emissions scenarios (RCP 2.6) throughout the 

21st century (1). However, RSLR is expected to exceed 5 mm yr-1 by 2030 and 7 mm yr-1 by 

2050 under high emissions scenario RCP8.5 in low-latitude mangrove settings where rates of 

RSLR are expected to be higher than the global average (1,2).  

Where a deficit commences between vertical accretion and RSLR, time to submergence will be a 10 

function of the position of the mangrove within the tidal frame. In settings of low tidal range 

mangroves are more likely to be situated at elevations close to the threshold of submergence 

from the outset. In settings of high tidal range, mangroves are more likely to be situated at 

elevations well above this threshold, and tolerate a deficit between the rates of accretion and 

RSLR for decades to centuries (5). Geomorphic setting will also influence vulnerability to 15 

submergence, as allochthonous sediment contributions in tide- and river-dominated estuaries 

may provide an elevation subsidy not available in environments receiving low sediment supply, 

such as coral reefs. In this context, sediment retention in catchments impacted by water resource 

development (i.e., trapped behind dams) and local sediment controls may decrease mangrove 

resilience to RSLR in river estuaries (5). The natural response of mangrove encroachment across 20 

flooded coastal lowlands is therefore the main determinant of future extent (28), although this is 

already significantly impeded by coastal developments along many coastlines (29). Our findings 

therefore emphasise the importance of (i) mitigating the magnitude of rapid RSLR, and (ii) 
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ensuring coastal adaptation measures allow for the expansion of mangrove across coastal 

lowlands. 
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FIGURES  

 

Fig. 1: Holocene RSLR and associated mangrove development in (A) far-field estuarine and 5 

(B) intermediate-field calcareous settings. As the rate of RSLR decelerated, development of 

organic-rich mangrove sediments was initiated, facilitating maintenance of vertical position with 

respect to sea level, forming extensive mangrove forests. When RSLR stabilises, ongoing 

sedimentation infills estuaries, building deltas and replacing mangrove with freshwater wetlands, 

terrestrial forest or saltpan, depending on climatic setting.  10 
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Fig. 2: Sampling locations and corresponding rates of mangrove vertical accretion. 

Mangrove sedimentary units initiating between between 10,000 and 6,500 years ago (top panel) 

and mangrove sedimentary units initiating following 6,500 years ago (lower panel). 

Contemporary mangrove shorelines are indicated in bright green representing mangrove 5 

distribution in 2012 (30). 
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Fig. 3: Rates of mangrove vertical accretion and RSLR. Accretion rates are derived from the 

depth of mangrove organic sediment between calibrated 14C dates in individual cores, and rates 

of RSLR (median and 95% credible interval (CI)) were derived from the GIA model ensemble 

for the same sites for (A) far-field and (B) intermediate-field locations. (C) The probability of 5 

initiation of sustained mangrove accretion at or above associated rates of RSLR across all sites. 

The dotted line shows the RSLR rate at which there is a 10% probability that mangroves can 

initiate accretion, and/or conversely that there is a 90% probability they are unable to initiate 

accretion. 

 10 
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Fig. 4. Timing of mangrove vertical accretion in relation to greenhouse gas concentrations. 

(A) Atmospheric CO2 concentrations (from Antarctic ice-cores (23)) and (B) mangrove organic 

soil formation (the sum of all observations spanning each century weighted by the vertical 

accretion rate of each observation  (14)). Light coloured curves in A and represent ± 1 standard 5 

error for CO2 (b), as presented in the original datasets. 

 

 

 

 10 
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Table 1: Probability mangroves are unable to initiate sustained vertical accretion at rates of 

RSLR (14). RSLR rates at all sites (global) and intermediate- and far-field sites at which it is 

very likely (>90% probability) and extremely likely (>95% probability) for mangroves to be 

unable to initiate sustained accretion, and the associated 95% uncertainty interval (UI). For 

example, at all sites, there is a 94.3 – 95.4% probability (95% UI) that mangroves are unable to 5 

initiate at rates that exceed 7.6 mm yr-1. 

 RSLR rates (mm yr-1) 

above which accretion did 

not initiate (Very Likely: 

90% median probability)  

 (uncertainty 

interval) 

RSLR rates (mm yr-1) 

above which accretion 

did not initiate 

(Extremely Likely:95% 

median probability) 

 (uncertainty 

interval) 

Global  6.1  (88.1 – 92.8) 7.6 (94.3 – 95.4) 

Intermediate Field (Gulf 

of Mexico, Caribbean) 

5.2  (88.1 – 92.8) 5.7 (93.7 – 96.9) 

Far field  7.1 (87.3 – 91.6) 8.8 (94.4 – 95.8) 
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Materials and Methods 

Accretion Rates  

We searched for all published studies reporting on Holocene transgressive organic-rich 

mangrove sediments using online search engines (Google Scholar, Web of Science) and our own 

databases. From 190 studies we selected cores conforming to the following criteria: (a) material 5 

consisted of mangrove organic muds or peats of at least two metres in depth (i.e. greater than the 

rooting depth of mangrove and therefore implying in-situ vertical accretion) (b) mangrove 

presence was confirmed by either pollen analysis or the identification of mangrove root 

morphology and (c) radiocarbon dates were available for at least two positions in individual 

cores separated by a depth of at least 1 metre (the maximum rooting depth) and at least ~300 10 

years. Of the 73 studies conforming to these requirements, we extracted information from 122 

core sections (from 90 cores) spanning 78 locations, with an average vertical interval between 

14C dates of 2.5 m (  1.2 m), and average time interval between 14C dates of 1931 cal years ( 

1849) (Data S1; 31; 46-121).  

 15 

We noted the location, and recorded latitude and longitude of each core. We interpreted its 

geomorphic setting using the categories (after 32) of tide-dominated estuarine (macro to meso-

tidal with the funnel mouth characteristic of tide dominance), barrier estuarine (in which 

mangrove development occurs behind protective sand barriers on wave dominated coastlines), 

large river delta (in which fluvial discharge and sedimentation are the dominant processes), 20 

carbonate (i.e. coral reef including both oceanic island and barrier reef settings), and coastal 

embayment (i.e. sheltered open coast or open embayment with minimal fluvial input). We also 

estimated local tidal range for each site using the OSU TPXO9 global tidal model (126) and 

classified sites as micro- (great diurnal range [GT] < 2 m), meso- (GT between 2 to 4 m) and 
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macrotidal (GT > 4 m). We interpreted the environment pre-dating and post-dating mangrove 

formation on the basis of pollen and stratigraphic descriptions to infer the nature (i.e., 

transgressive, regressive) of contacts below and above mangrove sequence where possible. The 

dominant mangrove species were noted. 

 5 

We extracted radiocarbon dates and uncertainties representing (i) the earliest date for mangrove 

initiation at the site; (ii) the latest date for mangrove survival at the site; (iii) the date 

corresponding to the beginning of the single core sequence from which an accretion rate was 

estimated; and (iv) the end date of the single core sequence from which an accretion rate was 

estimated. We calibrated all radiometric dates to sidereal years using IntCal13 (33) and SHCal13 10 

within Calib 7.10 (http://calib.org/calib/calib.html). We reported 2 age ranges (Data S1). 

 

We calculated rates of accretion as the depth of mangrove organic sediment between the 2 

midpoints of calibrated radiocarbon dates divided by the time interval between dates, a technique 

previously applied to estimate mangrove vertical accretion in Belize (31). Accretion rates are 15 

averaged over the time period between dates, and do not reflect variability in accretion rate over 

shorter time periods. Given the rapid deceleration of eustatics sea level rise over the early 

Holocene, these rates are likely to be conservative. Mangrove root material is largely refractory 

(31) under conditions of rising sea level and the high water content and hydraulic conductivity of 

mangrove peats limit dewatering and compaction (34). 20 

 

The sample distribution is biased to land-based samples and, in general, the upper 10-15 metres 

of Holocene sediment. The deepest core (ID27: Ganges-Brahmaputra River) in our sample 

http://calib.org/calib/calib.html
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extended to 50 metres and included a transgressive mangrove soil in the lowest 9 metres, the 

oldest mangrove sample in our dataset and that with the highest estimated accretion rate. Fifteen 

cores did not extend to the lower depth of the mangrove unit. Similarly, the lack of off-shore 

sampling, may exclude locations that maintained high rates of vertical accretion over appreciable 

periods of time, and bias our sampling towards habitats that survived RSLR. Our sampling of 5 

mangrove accretion in the very early Holocene (pre-9000BP) is thereby limited. Mangrove 

cumulative accretion (Fig. 4) is the sum of all observations of mangrove vertical accretion 

occurring in each century, multiplied by the accretion rate for each observation. Mangrove root 

material is largely refractory (31) under conditions of rising sea level and the high water content 

and hydraulic conductivity of mangrove peats limit dewatering and compaction (34). 10 

 

Glacial Isostatic Adjustment Modelling 

Rates of local and regional RSL change during the Holocene are primarily the result of glacio-

isostatic adjustment (GIA), the loss of ice burden and subsequent deformational, rotational and 

gravitational effects on the solid Earth that influences both both eustatic and relative sea level. 15 

We use a revised model of glacio-isostatic adjustment (16), which adopts the ICE-6G global ice 

reconstruction from the Last Glacial Maximum (LGM) to the present day (35,36).    The sea-

level calculations are based on a gravitationally self-consistent eustatic and relative sea level. We 

use a revised model of glacio-isostatic adjustment (16), which adopts the ICE-6G global ice 

reconstruction from the Last Glacial theory that incorporates time-varying shorelines and the 20 

feedback of load-induced perturbations to Earth’s rotation into sea level (37). The model 

assumes a spherically symmetric, self-gravitating, Maxwell viscoelastic Earth model. The elastic 

and density components of the model are given by the seismic model PREM (38)  and the 
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viscosity structure is characterized by three parameters: an infinite viscosity (elastic) lithosphere 

of prescribed thickness, LT, and upper and lower mantle viscosities denoted by VUM and VLM, 

respectively. 

 

We used 300 combinations of these Earth rheological parameters in the glacio-isostatic 5 

adjustment model to predict RSL heights at a 512 x 260 global grid at 500-year periods.  The 

ensemble of 300 combinations of parameters included LT from 24 – 140 km, VUM from 0.3 – 2 x 

1021Pas, and VLM from 3 – 100 x 1021Pas, where each combination is assumed to be equally 

likely.  These ensemble predictions provided uncertainty in RSLR rates of change for each site in 

this study. 10 

 

Statistical analysis 

We previously demonstrated that spatial and temporal variations in RSLR over the mid- to late-

Holocene act as a global control on persistence of organic matter in coastal wetlands substrates 

(7). We hypothesise therefore that the duration of mangrove growth (as evidenced by continuous 15 

mangrove substrate within a given core) will vary between intermediate-field and far-field 

locations, with longer persistence in intermediate-field zones relative to far-field locations where 

RSLR stabilised several millennia earlier (NB Mangroves do not grow in near-field locations).  

 

Generalised linear models were used to test the correlations between several variables. We tested 20 

whether the non-normal variable mangrove duration (count of years mangrove persisted in situ) 

varied between intermediate and far-field locations assuming a Poisson distribution and using a 

log link function. Mangrove initiation date was included as a covariate in pairwise comparisons 

https://www-sciencedirect-com.eproxy.lib.hku.hk/topics/earth-and-planetary-sciences/lower-mantle
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and was based on estimated marginal means subject to Bonferroni adjustment. Additionally, we 

tested whether the mangrove accretion rates varied between intermediate and far-field locations, 

geomorphic settings, and tidal ranges (Table S1) assuming a Gaussian distribution and using an 

identity link function. We also tested the relationship between mangrove accretion rate and 

RSLR rate from the mean time during accretion assuming a Gaussian distribution and using an 5 

identity link function  (Fig S5; Table S1). A significance level of P<0.05 was employed for all 

models. 

 

The statistical analysis of RSLR is based on the glacio-isostatic adjustment modelling described 

above. We linearly interpolate relative sea level heights between the spatial and temporal 10 

predictions at sites and dates from the mangrove data using scipy’s interpolate package (39). We 

calculate RSLR rates using a linear transformation and approximate the rate distribution using 

kernel density estimation with sklearn.neighbors.kde (40,41) enabling the estimation of a 

cumulative distribution function (cdf) for each set of rates. We split all sites of mangrove 

accretion into two categories (intermediate- and far-field sites), based on their proximity to the 15 

former Laurentide Ice Sheet.  Using 300-year average rates estimated every 100 years, we 

estimate RSLR during accretion times for far-field and intermediate-field sites by averaging 

RSLR at all sites where mangrove is within an accretion period (between the 95th percentile of 

the beginning of accretion through the 5th percentile of termination) (Fig. 3). 

 20 

To estimate the probability of initiation of mangrove accretion conditional upon rates of RSLR 

within this dataset, we use a Bayesian framework to invert the probability of RSLR, given 

initiation of mangrove accretion 𝑝(𝑦|𝑥), where: 
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𝑝(𝑥|𝑦) ∝ 𝑝(𝑦|𝑥)𝑝(𝑥) 

The posterior probability of initiation given RSLR, 𝑝(𝑥|𝑦), is therefore proportional to 𝑝(𝑦|𝑥). 

We model  𝑝(𝑥|𝑦) using kernel density estimation (KDE): 

𝑝(𝑦|𝑥) = { 1𝑛ℎ ∑ 𝐾 (𝑦 − 𝑦𝑖ℎ ) , when 𝑥 = 1 𝑛
𝑖=10,                                        when 𝑥 = 0  

where K is a non-negative normal kernel, h is a smoothing parameter (or bandwidth), n is the 5 

number of RSLR estimates used in the KDE during which mangrove is initiating. The parameter 

h is optimized through unsupervised nearest neighbors learning (40,41). We use an 

uninformative prior distribution of initiation, 𝑝(𝑥), where p(1) = p(0) = 0.5. We use Monte 

Carlo methods to generate 1000 independent samples of RSLR at initiation, assuming a uniform 

distribution within the 95% CI of radiocarbon dates. The distribution of RSLR at initiation with 10 

uncertainties is the combination of all KDEs of the probability density functions for each sample.  

We invert the cumulative distribution functions of initiation rates to find the probability of 

mangrove initiation given RSLR with uncertainty.  For example, the probability that mangroves 

initiated at RSLR rates of exceeding 6.1 mm yr-1 and 7.6 mm yr-1, respectively, at the time of 

initiation is ~ 10% (95% Uncertainty Interval (UI):  7.9 – 12.2 %) and ~ 5% (UI: 4.6% – 5.7%). 15 

Assuming an uninformative prior distribution on initiation translates RSLR rates exceeding 6.1 

mm yr-1 and 7.6 mm yr-1, respectively, suggesting that mangroves are very likely (>90% 

probability; 95 % Uncertainty Interval (UI): 87.8 – 92.1%) and extremely likely (>95% 

probability; 95% UI: 94.3 – 95.4%) to be unable to initiate sustained accretion. The probabilities 

of initiation of sustained mangrove accretion at a given RSLR rate are summarized in Fig. 3c and 20 

Table S1. All RSLR analyses based on glacia-isostatic modelling were implemented in the 

software package Python. 
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Carbon sequestration and GHG Emissions Factors  

Most of the papers dealing with early to mid Holocene mangrove development in far field 

locations comment on a substantially greater mangrove aerial extent at this time compared to 

current distribution. These include major river deltas of Southeast Asia: the Song (20); the 5 

Mekong (72,76); the Malay-Thai Peninsula (69); west coast India (71); the macrotidal estuaries 

of northern Australia, reviewed in (15), and including the Ord (57), the Fitzroy (55), the South 

Alligator (59); mesotidal estuaries on the Australian east coast (52-54); the Ivory coast, Africa 

(82), Bragança Peninsula, Brazil (84), and the coastal plain of Suriname (93) and Venezuela 

(94). Mangrove extent contracted with infilling, to a degree difficult to constrain with the limited 10 

spread of point measures from the early Holocene. For this reason, and our limited understanding 

of Holocene distribution outside of these major deltaic systems, we have refrained from 

estimating early Holocene global mangrove extent. For our estimates of carbon sequestration 

from this time, we use the conservative value of current mangrove extent.  

 15 

Current estimates of the global carbon store in the upper metre of the world’s mangroves vary 

due primarily to differences in the calculation of mangrove area, from 2.6 Pg C (42) to 9.4-10.4 

Pg C (43), with an additional 1.8 Pg C in above-ground biomass (43). These estimates are based 

on soil organic carbon stores of 283 ± 193 Mg C ha−1 (±s.d.) (42) and 255 Mg C ha−1 (43), the 

differing stores being primarily due to different area estimates (42).  20 

 

Following the initiation of the phase of extensive mangrove development as RSLR fell below 

7mm yr-1 ~8800 years ago and extending to 6000 years ago, we estimated vertical accretion 



Submitted Manuscript: Confidential 

43 

 

using the average across all sites (Data S1). On these estimates, mangroves in the early-Holocene 

would have accreted ~8 m and sequestered ~85 Pg C between 8200 and 6000, on the 

conservative assumptions that (i) mangrove area in this period was not greater than the 

contemporary estimate of (47) and (ii) that the efficiency of carbon capture under rapidly rising 

sea-level was not less than at present. We also assume that mangrove soil organic carbon is 5 

predominantly autochthonous, as suggested by studies using direct measurement and/or stable 

isotope approaches (44). 

 

We do not anticipate appreciable loss of carbon with depth in most of these settings during the 

transgressive phase. Carbon is efficiently retained in soils subject to rapid sea-level rise (7). This 10 

is because the depth of oxygen penetration in saturated soils is 1-10mm (21). A portion of 

surficial organic carbon is therefore buried within a year, but most new organic carbon is 

introduced by roots at greater depths (44). Studies in the Caribbean (31) and Australia (125) 

shows excellent preservation of old root material. 

 15 

There are several lines of evidence to suggest that tropical mangroves may have played a role in 

forcing changes to atmospheric methane concentrations during the Holocene. The deuterium 

stable isotope ratio (D-Es) of ice-core CH4 during the period suggests shifts in CH4 emissions to 

be dominated by tropical wetlands rather than geological emissions (45), consistent with local 

sea-level stabilisation forcing increases in the extent of freshwater wetland in Indonesia (46) and 20 

other large tropical systems (45). This corresponds to a period in which tropical mangroves were 

replaced by methanogenic wetlands (freshwater sedges) and rainforest following the stabilisation 

of sea levels in the Southern Hemisphere and the Indo-Pacific (Data S1).  
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SUPPLIMENTARY FIGURES  

 

 

Fig S1. Rates of mangrove vertical accretion and the nature of initiation and termination 5 

contacts (i.e., transgressive vs. regressive) above and below mangrove sequences 

throughout the Holocene. 

Rates of mangrove vertical accretion are shown for the Eastern (A) and Western (B) hemisphere 

between calibrated 14C dates in individual cores (Data S1). Horizontal bars represent the 

individual mangrove stratigraphic units between 14C-dated organic material. Rate of vertical 10 

accretion is calculated as the vertical difference divided by the age difference, as explained in 

Materials and Methods. Nature of initiation (C, D) and termination (E, F) stratigraphic contacts 

below and above mangrove sequences through time.  
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Fig S2. Variability of mangrove duration, initiation date, and vertical accretion rate 

associated with proximity to former ice sheets, geomorphic setting, and tidal regime. Box 

and whisker plots show the duration of mangrove accretion (A), the initiation date of sustained 

mangrove accretion (B), and the mangrove vertical accretion rate (C) by proximity to former ice 5 

sheets (far-, intermediate-field), tidal range (macro-, meso-, and microtidal), and geomorphic 

setting (barrier estuarine, calcareous, marine embayment, riverine estuarine, tidal estuarine). 

Numbers above boxes indicate sample size. Whiskers represent 1.5x the interquartile range. 
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Fig S3. Mangrove duration (years) varies according to proximity to the Laurentide ice-

sheet (P<0.001; Table S1). Vertical bar within each box represents the median and cross 

represents the mean for Intermediate-field locations (n=41) and Far-field locations (n=53). 
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Fig S4. Mangrove initiation by ocean basin. Scatterplots of mangrove initiation (years before 5 

present) versus vertical accumulation rate (mm yr-1) for intermediate (open circles) and far-field 

(crosses) locations among the Pacific Ocean (a), Indian Ocean (b), Atlantic Ocean (c), Caribbean 

(d) and Gulf of Mexico (e). 
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Fig S5. Details of probabilistic analysis of mangrove accretion conditional upon rates of 

RSLR. (A) Cumulative distribution function (cdf) of rates of RSLR during mangrove initiation 

for far-field, intermediate-field, and all sites. Histograms of RSLR rates during all time intervals 5 

of mangrove accretion (B) and during initiation of mangrove accretion (C) over each millennium 

(binned by 1 mm yr-1). 
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Fig S6. Examples of RSLR rates with uncertainties (50 and 95 confidence intervals) at 

selected sites predicted by the glacio-isostatic adjustment model. The grey bars represent the 

ages with uncertainties (1 and 2σ) during which initiation of mangrove accretion occurred. 

 5 
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Table S1.  

Summary of statistical analysis of mangrove accretion rate and initiation: A)  Generalised linear 5 

model (GLM) (Poisson distribution and log link function) testing whether mangrove duration 

(count of years mangrove persisted in situ) varies among proximity zones (intermediate vs far-

field locations), including mangrove initiation date (cal yr BP) as a covariate. B) GLM (Gaussian 

distribution and identity link function) testing whether geomorphic setting (barrier estuarine, 

riverine estuarine, tidal estuarine, calcareous, and marine embayment), proximity to former ice 10 

sheets (intermediate- versus far-field), and tidal range (microtidal, mesotidal, and macrotidal) 

have significant effects on vertical accretion rates. C GLM (Gaussian distribution and identity 

link function) testing whether RSLR has a significant effect on vertical accretion rates. 

A.     

    Mean P-value 2.5th percentile 97.5th percentile 

 Intercept  7.9 <0.001 7.887 7.912 

proximity (intermediate, far field) -0.595 <0.001 -0.602 -0.588 

mangrove initiation (cal yrs BP) 1.14 x 10-4 <0.001 1.123 x 10-4 1.160 x 10-4 

      

B.     

    Mean P-value 2.5th percentile 97.5th percentile 

Intercept 1.6483 0.004 0.516 2.781 

Geomorphic 

Settings 

calcareous 0.2562 0.636 -0.806 1.318 

marine embayment -0.7628 0.196 -1.919 0.394 

riverine estuary 0.6779 0.310 -0.632 1.988 

tidal estuary -0.7672 0.398 -2.548 1.014 

tidal range 0.2909 0.465 -0.490 1.071 

proximity (intermediate, far field) 0.8688 0.099 -0.165 1.902 

           

C.    

  Mean P-value 2.5th percentile 97.5th percentile 

RSLR rate 1.045 <.0.001 0.863 1.227 
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Intercept 1.311 <.0.001 0.977 1.645 

            

Coefficient of Determination:  0.517       
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Table S2.  

Posterior probabilities of mangrove initiation when RSLR exceeds particular based on analysis 

of all sites in the database. For example, we found it was very likely (>90% probability, 

uncertainty interval (UI): 87.8% – 92.1%) that mangroves were unable to initiate sustained 

accretion when RSLR rates exceeded 6.1 mm yr-1. This is equivalent to <10% probability of 5 

initiating with RSLR rates exceeding 6.1 mm yr-1.  We found it was extremely likely (>95% 

probability, UI 94.3% – 95.4%) that mangroves were unable to initiate sustained accretion when 

RSLR rates exceeded 7.6 mm yr-1 over all sites. 

 

Rate  

(mm yr-1)  

2.5th 

Percentile 

5th 

Percentile 

25th 

Percentile 
Median 

75th 

Percentile 

95th 

Percentile 

97.5th 

Percentile 

0.1 98.4% 98.4% 98.5% 98.6% 98.6% 98.7% 98.7% 

0.2 96.7% 96.8% 96.9% 97.1% 97.2% 97.3% 97.4% 

0.3 94.9% 95.0% 95.2% 95.4% 95.5% 95.8% 95.8% 

0.4 92.9% 93.0% 93.3% 93.5% 93.7% 94.0% 94.0% 

0.5 90.7% 90.8% 91.2% 91.4% 91.7% 92.0% 92.1% 

0.6 88.6% 88.7% 89.1% 89.4% 89.7% 90.0% 90.2% 

0.7 86.7% 86.8% 87.2% 87.5% 87.8% 88.2% 88.3% 

0.8 84.8% 84.9% 85.3% 85.7% 86.0% 86.5% 86.6% 

0.9 83.1% 83.2% 83.6% 83.9% 84.3% 84.8% 85.0% 

1.0 81.4% 81.6% 82.0% 82.4% 82.7% 83.3% 83.4% 

1.1 79.9% 80.1% 80.6% 80.9% 81.3% 81.9% 82.1% 

1.2 78.5% 78.7% 79.2% 79.6% 80.0% 80.6% 80.8% 

1.3 77.2% 77.4% 77.9% 78.4% 78.8% 79.4% 79.6% 

1.4 75.9% 76.1% 76.8% 77.2% 77.7% 78.3% 78.5% 

1.5 74.8% 75.0% 75.7% 76.2% 76.6% 77.3% 77.5% 

1.6 73.6% 73.8% 74.6% 75.1% 75.6% 76.3% 76.5% 

1.7 72.4% 72.7% 73.5% 74.1% 74.6% 75.4% 75.6% 

1.8 71.3% 71.6% 72.5% 73.1% 73.7% 74.5% 74.8% 

1.9 70.3% 70.6% 71.5% 72.1% 72.8% 73.6% 73.9% 

2.0 69.3% 69.5% 70.5% 71.2% 71.9% 72.8% 73.1% 

2.1 68.2% 68.5% 69.5% 70.2% 70.9% 71.8% 72.2% 

2.2 67.1% 67.4% 68.5% 69.2% 69.9% 70.9% 71.2% 

2.3 66.0% 66.3% 67.4% 68.1% 68.9% 69.9% 70.2% 

2.4 64.8% 65.1% 66.2% 67.0% 67.8% 68.9% 69.2% 

2.5 63.5% 63.8% 65.0% 65.8% 66.7% 67.8% 68.1% 

2.6 62.1% 62.5% 63.7% 64.6% 65.5% 66.7% 67.0% 

2.7 60.7% 61.1% 62.4% 63.3% 64.2% 65.5% 65.8% 

2.8 59.2% 59.6% 60.9% 61.9% 62.8% 64.1% 64.5% 

2.9 57.6% 58.0% 59.4% 60.4% 61.4% 62.7% 63.2% 

3.0 55.9% 56.4% 57.8% 58.8% 59.9% 61.3% 61.7% 

3.1 54.2% 54.6% 56.1% 57.2% 58.3% 59.8% 60.2% 

3.2 52.4% 52.8% 54.4% 55.5% 56.6% 58.2% 58.6% 

3.3 50.5% 50.9% 52.6% 53.7% 54.9% 56.5% 57.0% 

3.4 48.4% 48.9% 50.6% 51.8% 53.0% 54.7% 55.2% 

3.5 46.3% 46.8% 48.5% 49.7% 51.0% 52.7% 53.2% 

3.6 44.1% 44.6% 46.3% 47.6% 48.9% 50.6% 51.2% 

3.7 41.7% 42.3% 44.1% 45.4% 46.7% 48.5% 49.1% 
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Rate  

(mm yr-1)  

2.5th 

Percentile 

5th 

Percentile 

25th 

Percentile 
Median 

75th 

Percentile 

95th 

Percentile 

97.5th 

Percentile 

3.8 39.5% 40.0% 41.8% 43.1% 44.5% 46.3% 46.9% 

3.9 37.2% 37.7% 39.6% 40.9% 42.2% 44.1% 44.7% 

4.0 34.9% 35.5% 37.3% 38.6% 40.0% 41.9% 42.5% 

4.1 32.6% 33.2% 35.0% 36.3% 37.7% 39.6% 40.2% 

4.2 30.4% 31.0% 32.8% 34.1% 35.4% 37.3% 37.9% 

4.3 28.2% 28.8% 30.5% 31.8% 33.2% 35.0% 35.6% 

4.4 26.1% 26.7% 28.4% 29.6% 31.0% 32.8% 33.3% 

4.5 24.1% 24.7% 26.4% 27.6% 28.9% 30.6% 31.2% 

4.6 22.3% 22.9% 24.5% 25.6% 26.9% 28.6% 29.1% 

4.7 20.6% 21.2% 22.8% 23.9% 25.1% 26.7% 27.2% 

4.8 19.1% 19.5% 21.1% 22.2% 23.4% 24.9% 25.4% 

4.9 17.6% 18.1% 19.6% 20.6% 21.7% 23.2% 23.7% 

5.0 16.2% 16.7% 18.2% 19.2% 20.2% 21.7% 22.1% 

5.1 15.0% 15.5% 16.9% 17.8% 18.8% 20.3% 20.7% 

5.2 13.9% 14.3% 15.7% 16.6% 17.6% 18.9% 19.3% 

5.3 12.9% 13.3% 14.6% 15.5% 16.5% 17.8% 18.1% 

5.4 12.0% 12.4% 13.7% 14.6% 15.5% 16.8% 17.1% 

5.5 11.3% 11.7% 12.9% 13.8% 14.6% 15.9% 16.2% 

5.6 10.6% 11.0% 12.2% 13.0% 13.9% 15.1% 15.4% 

5.7 10.0% 10.3% 11.5% 12.3% 13.2% 14.4% 14.7% 

5.8 9.4% 9.8% 10.9% 11.7% 12.5% 13.7% 14.1% 

5.9 8.9% 9.2% 10.3% 11.1% 11.9% 13.1% 13.4% 

6.0 8.4% 8.7% 9.8% 10.5% 11.3% 12.4% 12.8% 

6.1 7.9% 8.2% 9.2% 10.0% 10.8% 11.9% 12.2% 

6.2 7.5% 7.8% 8.8% 9.5% 10.2% 11.3% 11.6% 

6.3 7.2% 7.4% 8.3% 9.0% 9.7% 10.8% 11.1% 

6.4 6.8% 7.1% 7.9% 8.6% 9.2% 10.3% 10.6% 

6.5 6.5% 6.7% 7.5% 8.1% 8.8% 9.7% 10.0% 

6.6 6.2% 6.4% 7.1% 7.7% 8.3% 9.2% 9.5% 

6.7 5.9% 6.1% 6.7% 7.3% 7.8% 8.7% 9.0% 

6.8 5.7% 5.8% 6.4% 6.9% 7.4% 8.3% 8.5% 

6.9 5.4% 5.6% 6.1% 6.5% 7.0% 7.8% 8.0% 

7.0 5.3% 5.4% 5.8% 6.2% 6.7% 7.4% 7.6% 

7.1 5.1% 5.2% 5.6% 5.9% 6.4% 7.1% 7.3% 

7.2 5.0% 5.1% 5.4% 5.7% 6.1% 6.7% 6.9% 

7.3 4.9% 5.0% 5.2% 5.5% 5.8% 6.4% 6.6% 

7.4 4.8% 4.9% 5.1% 5.3% 5.6% 6.1% 6.3% 

7.5 4.7% 4.8% 4.9% 5.1% 5.4% 5.8% 6.0% 

7.6 4.6% 4.7% 4.8% 4.9% 5.2% 5.6% 5.7% 

7.7 4.5% 4.5% 4.7% 4.8% 5.0% 5.3% 5.5% 

7.8 4.4% 4.4% 4.6% 4.7% 4.8% 5.1% 5.2% 

7.9 4.3% 4.3% 4.4% 4.5% 4.7% 4.9% 5.0% 

8.0 4.1% 4.2% 4.3% 4.4% 4.5% 4.7% 4.9% 

8.1 4.0% 4.1% 4.2% 4.3% 4.4% 4.6% 4.7% 

8.2 3.9% 3.9% 4.1% 4.2% 4.3% 4.4% 4.5% 

8.3 3.7% 3.8% 3.9% 4.1% 4.2% 4.3% 4.4% 
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Rate  

(mm yr-1)  

2.5th 

Percentile 

5th 

Percentile 

25th 

Percentile 
Median 

75th 

Percentile 

95th 

Percentile 

97.5th 

Percentile 

8.4 3.6% 3.6% 3.8% 3.9% 4.0% 4.2% 4.2% 

8.5 3.4% 3.5% 3.7% 3.8% 3.9% 4.1% 4.1% 

8.6 3.3% 3.4% 3.5% 3.7% 3.8% 3.9% 4.0% 

8.7 3.1% 3.2% 3.4% 3.5% 3.7% 3.8% 3.8% 

8.8 3.0% 3.0% 3.2% 3.4% 3.5% 3.6% 3.7% 

8.9 2.8% 2.8% 3.0% 3.2% 3.3% 3.5% 3.5% 

9.0 2.6% 2.6% 2.9% 3.0% 3.2% 3.3% 3.3% 

9.1 2.4% 2.4% 2.7% 2.8% 3.0% 3.1% 3.2% 

9.2 2.2% 2.3% 2.5% 2.6% 2.8% 2.9% 3.0% 

9.3 2.0% 2.1% 2.3% 2.4% 2.6% 2.7% 2.8% 

9.4 1.9% 1.9% 2.1% 2.3% 2.4% 2.6% 2.6% 

9.5 1.7% 1.8% 2.0% 2.1% 2.2% 2.4% 2.4% 

9.6 1.6% 1.6% 1.8% 1.9% 2.0% 2.2% 2.2% 

9.7 1.5% 1.5% 1.7% 1.8% 1.8% 2.0% 2.0% 

9.8 1.4% 1.4% 1.5% 1.6% 1.7% 1.8% 1.9% 

9.9 1.3% 1.3% 1.4% 1.5% 1.6% 1.7% 1.7% 

10.0 1.2% 1.2% 1.3% 1.4% 1.4% 1.5% 1.6% 
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Data S1. (separate file) 

Core location, initiation and completion of mangrove soil development, and rates of vertical 

accretion.  
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