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A B S T R A C T   

This study examines mangrove substrate production within a mangrove basin forest in the Tweed Estuary, 
northern New South Wales, Australia. This is achieved using high resolution dating of 239þ240Pu, 236U and 210Pb 
in mangrove sediments to examine both the modes and rates of mangrove substrate production. Results show a 
shift in the mode of substrate production occurred approximately 70 years ago in response to human modifi
cation of the Tweed Estuary (hydrologic changes). At that time, mangrove substrate production shifted from 
being dominated by sedimentation processes (fine silt accumulation) to being dominated by biological processes 
(mangrove root production). Since that time, mangrove peat has been accreting at the study site at the same rate 
as local sea level rise (SLR), implying current rates of peat substrate development are tuned to increasing sea 
level. A further implication of the shift to biological accretion at rates corresponding with SLR is that the studied 
mangrove basin is sequestering C at increasing rates due to subsurface root production.   

1. Introduction 

Mangrove forests occupy an area of coastline in excess of 137,000 
km2 globally, including 11,500 km2 of the Australian coastline (approx. 
18%) (Duke, 2006), where they provide a range of ecosystem services 
(Vo et al., 2012). These include providing habitat for both marine and 
terrestrial species, including humans (Vo et al., 2012), filtering delete
rious terrestrial runoff (Wolanski, 2007), acting as a fish nursery (Faunce 
and Serafy, 2006) and protecting the coastline from wave erosion (Koch 
et al., 2009). In addition, mangroves are an important sink for atmo
spheric CO2, sequestering amongst the highest proportions of C of any 
ecosystem (Alongi, 2014). Their habitat position, at the 
terrestrial-marine interface, is a highly dynamic geomorphic environ
ment. Consequently, there is significant interest in understanding how 
mangroves respond to change (e.g., Laurance et al., 2011; Woodroffe, 
2007), particularly sea level rise (SLR). Drowning or upslope migration 
were previously considered the most likely response of mangroves to 
SLR (Duke et al., 2007; Ellison, 1993; Ellison and Stoddart, 1991; Field, 
1995; Woodroffe, 1990). Recent research indicates mangroves can be 

resilient to SLR (Lovelock et al., 2015; McKee et al., 2007), due to ver
tical accretion of mangrove substrate. This is due to either sedimentation 
(Lovelock et al., 2015) and/or subsurface biological production (Krauss 
et al., 2014; McKee et al., 2007). Therefore examining how mangrove 
substrate develops (Rogers et al., 2019) or collapses (Cahoon et al., 
2003) in response to change is important for understanding mangrove 
resilience. 

Mangrove basin forests are considered to be ecogeomorphic/bio
morphodynamic systems (Murray et al., 2008; Twilley et al., 2019; 
Woodroffe et al., 2015). They comprise a characteristic geomorphic 
form consisting of a large central basin, in which mangrove forest grows, 
positioned landward of a coastal berm (levee) occupied by fringing 
mangroves (Knight et al., 2008; Lugo and Snedaker, 1974). Mangrove 
basin forests have been shown to occupy a specific hydro-dynamic po
sition within the tidal prism as the berm precludes inundation by 
average high tides. In southern Queensland and northern New South 
Wales they are only flooded by high tides above the 80th, or 90th per
centiles (Knight et al., 2008, 2009). The consistency of this 
hydro-dynamic position across different mangrove basin forests, implies 
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that the berm, and associated basin, may be a biogeomorphic response 
to sea level (SL). That is, substrate growth occurs in response to sea level 
rise (SLR). 

The relationship between mangroves and SL has resulted in man
groves being used as an indicator of SL change. Over millennial time
scales (e.g., the Holocene), the age and position of mangrove roots and 
peat have been used to track the response of mangroves to SLR and to 
reconstruct SL histories (e.g. Beaman et al., 1994; Horton et al., 2005; 
Lewis et al., 2013; McKee et al., 2007; Scholl and Stuiver, 1967; Scholl 
et al., 1969; Sloss et al., 2007; Thom and Roy, 1985; Toscano and 
Macintyre, 2003; Woodroffe, 1981; Woodroffe et al., 1985). For 
example, fossil mangrove roots or substrate (mangrove peat) preserved 
above the intertidal has been used to infer past periods of higher sea 
level (most notably in the mid-Holocene) ( Beaman et al., 1994; Horton 
et al., 2005; Scholl et al., 1969; Sloss et al., 2007; Thom and Roy, 1985; 
Woodroffe et al., 1985). Similarly, rates of mangrove substrate accu
mulation (McKee et al., 2007; Toscano and Macintyre, 2003; Woodroffe, 
1981) and dating of submerged mangrove material have been used to 
infer SLR (e.g., Scholl and Stuiver, 1967; Scholl et al., 1969; Woodroffe 
et al., 1993). These studies demonstrate both the resilience of mangroves 
to SL change, for example, where mangrove peat indicates the continued 
presence of mangroves at sites experiencing SLR of up to 5.2 mm/yr 
during the Holocene (Toscano and Macintyre, 2003), and the potential 
for mangrove systems to collapse, e.g., where fossil mangrove material 
occurs below terrestrial sediments (see for example Lewis et al., 2013; 
Woodroffe et al., 2016). 

Over shorter timescales (years to decades), a major investigative 
approach for assessing mangrove resilience to SLR has involved the use 
of surface elevation tables (SETs) (Boumans and Day, 1993; Cahoon 
et al., 2002; Lovelock et al., 2011, 2015; Rogers et al., 2006, 2014; 
Sasmito et al., 2016). These measure surface elevation change using a 
series of vertical pins attached, via a horizontal arm, to a central ‘con
trol’ rod sunk deeply into the substrate (Cahoon et al., 2002). They are 
typically used alongside maker-bed horizons which measure accretion of 
sediment (Cahoon et al., 2002; Cahoon and Turner, 1989). SETs have 
yielded useful information on the response of mangrove substrate to SL 
change or other processes. These studies have shown surface elevation 
change in mangroves is a dynamic process that differs spatially and in 
time (McKee et al., 2007; Rogers et al., 2006). A limitation of SETs is 
that, to date, studies have been conducted over relatively short periods, 
typically less than ~20 years (Sasmito et al., 2016). At these time-scales, 
surface elevation can be influenced by transient conditions, e.g., changes 
in precipitation and/or variability in the water table (Rogers et al., 
2014). In addition, while SETs measure the response of surface elevation 
they do not provide information on the actual subsurface processes 
operating. For example, sedimentation versus subsurface biological 
production, or compaction due to oxidation versus dewatering. Despite 
their usefulness, the limitations of SETs demonstrate there remains a 
need to examine the response of mangrove substrate to change directly, 
that is, within the substrate profile and over longer time-scales (Brei
thaupt et al., 2018). 

The application of high resolution geochronology to date sediment 
cores extracted from mangrove substrate is another approach for 
examining mangrove responses to changing conditions. It can produce 
longer records (multi-decadal to centennial timescales) than are 
currently available from SET studies. Studies of mangrove substrate also 
have the advantage of providing information on specific processes, such 
as peat growth versus mineral sedimentation. A number of studies have 
employed the use of short-lived radionuclides, (210Pb, often in combi
nation with fallout radionuclides 137Cs and more recently 239þ240Pu) to 
examine rates of change in mangrove substrate (Lynch et al., 1989; P�erez 
et al., 2017; Sanders et al., 2010; Smoak et al., 2013). Such studies have 
been undertaken in a range of locations, including in the Gulf of Mex
ico/Florida (Hancock et al., 2011; Lynch et al., 1989; Smoak et al., 
2013), New Zealand (Lynch et al., 1989; P�erez et al., 2017), Australia 
(Rogers et al., 2019) and Brazil (Lynch et al., 1989; P�erez et al., 2017; 

Sanders et al., 2010; Smoak et al., 2013). Despite this, there remains a 
paucity of data from many locations, including from Australia, where 
there are few studies of mangrove sedimentation over timescales greater 
than a few decades. Consequently, there is a critical lack of data on the 
response of Australian mangroves to SRL over the last century (Brei
thaupt et al., 2018; Church and White, 2011). 

In this study the modes and rates of substrate production in a 
mangrove basin forest, in northern New South Wales, Australia, are 
examined. This is achieved by collecting and analysing sediment cores 
which are dated at high resolution using 210Pb and fallout radionuclides 
(239þ240Pu and 236U) allowing substrate accretion modes and rates to be 
determined. Results are then compared to rates of SLR over the past 
century in order to investigate how the mangrove basin forest is 
responding to SLR. Lastly, the implications of substrate accretion for C 
storage are investigated. 

2. Methods 

2.1. Study setting 

Mangrove substrate growth rates were examined within a 25 ha 
subtropical mangrove forest located in Terranora Broadwater 
(28.229�S, 153.504�E), northern New South Wales, Australia (Fig. 1). 
The studied mangrove basin forest is tidally connected to a shallow 
estuarine lagoon (the Terranora Broadwater). The site is part of the 
Tweed River estuary, a 22 km2 wave dominated barrier estuary with a 
trained (open) entrance and a catchment of 1054 km2. The study site 

Fig. 1. A) The position of the study site in northern New South Wales, B) 
Location map showing the studied mangrove basin in Terranora Broadwater in 
the lower Tweed River estuary. 
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represents a mangrove basin forest (sensu Lugo and Snedaker, 1974), 
also referred to as interior mangroves (Krauss et al., 2014), consisting 
almost exclusively of the Grey Mangrove (Avicennia marina var. aus
tralasica (Walp.)). Grey mangroves have a dense root structure, con
sisting of cable roots growing radially from the trunk at shallow depths 
in the substrate (5–10 cm) and extending laterally up to >25 m (Knight 
et al., 2008). Pneumatophores grow vertically from cable roots and 
extend above the ground surface, reaching densities >1360/m2 (Knight 
et al., 2008). Below the surface, pneumatophores grow fibrous lateral 
roots (feeding roots). These commonly interweave to form a continuous 
rootmat contributing to substrate mass (Baylis, 1950; Purnobasuki, 
2013). As the root system is adventitious (meaning roots may grow from 
non-root material) the Grey Mangrove can rapidly produce root mass, 
with root production linked to tidal inundation of any part of the plant 
(Baylis, 1950; Parkinson et al., 1994). As is typical of mangrove basin 
forests, the studied basin contains sub-environments (micro-
geomorphic/topographic features), which influence tidal inundation 
and ecological processes, e.g. mosquito production (Knight et al., 2012; 
Knight, 2011). These include hummocked areas of dense pneumato
phores and open pools (with mud substrate). A prominent ridge runs 
through the centre of the basin (likely a palaeo fluvial levee), perpen
dicular to Terranora Broadwater (Fig. 2A and B). 

2.2. Core collection and processing 

Four cores were extracted from within the mangrove basin using a 
1.8 m length 63 mm internal width gauge auger. Cores were collected to 
a depth where a sand sheet, underlying the upper mangrove silt/peat, 
was encountered. The cores were collected from differing sub- 
environments in the basin to capture potential heterogeneity in sub
strate accretion. This included from mangrove substrate (mud/pneu
matophores) (TBC6), within pools (TBC1 and TBC5) and from 
topographic highs (the central basin ridge) (TBC7) (Fig. 2B). Core TBC6 
was an 884 mm deep core that was extracted from mangrove substrate 

toward the terrestrial edge of the basin forest (Fig. 2A and B). It is 
representative of the majority of substrate and the main geomorphic 
structure of the basin and is therefore considered the master-core. It 
underwent more extensive dating and sediment analysis compared to 
the other cores and is predominately discussed. TBC1 (600 mm deep) 
was extracted from a pool at the back of the study site, while TBC5 
(1670 mm deep) was collected from a large pool directly behind the 
berm. Core TBC7 (900 depth) was collected from pneumatophore 
dominated mangrove substrate from the ridge in the centre of the basin 
(Fig. 2). 

Collected cores were placed in PVC core cradles and wrapped in 
plastic for transport and storage in a cool store at 5 �C. In the laboratory, 
cores were described and sectioned at 5 mm resolution using a stainless 
steel scalpel to slice the core into successive segments. Each segment was 
stored in vials in the cool store prior to additional analysis. The organic 
matter content of subsamples through the core was determined using 
loss on ignition at 450 �C. Dry bulk density was determined by volume 
displacement in water using plastic wrapped samples. Organic content 
was converted to C content using a 50% conversion factor (Pribyl, 
2010). Grain size of selected samples through the cores was determined 
by laser diffraction using a Malvern Mastersizer 2000. These data were 
used to characterise the substrate type and were used for 210Pb con
centration corrections. 

2.3. Core chronology 

Geochronology of all four collected cores was determined by 210Pb 
dating. Additional age control of the master-core, TBC6, was provided 
by measuring the fallout radionuclides 240þ239Pu and 236U. Fourteen 
samples were selected within the top 500 mm of TBC6 for 210Pb dating. 
Similarly, eight samples were dated from TBC1 and TBC7, while 12 were 
dated from TBC5. 

Lead-210 was determined by measuring 210Po activity, with which 
210Pb is assumed to be in secular equilibrium. Unsupported 210Pb was 

Fig. 2. Geomorphic structure of study site. A) 
Satellite image of the study site overlain by a 
LiDAR derived digital elevation model. The lo
cations from where cores were collected is indi
cated by the green dots. The black line represents 
the position of a topographic transect across the 
study site plotted in B). The position of pools and 
the locations of cores is also indicated in panel B). 
C) Age depth profiles for the cores extracted from 
the study site. Plotted ages were derived using the 
CRC 210Pb age model in each case. The fitted 
curves are 2nd order polynomial functions for 
TBC1, TBC5 and TBC7 and a 3rd order poly
nomial function for TBC6. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the Web version of this 
article.)   
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calculated as the difference between total 210Pb activity and that of 
226Ra, which was also measured in each sample. Prior to analysis sam
ples were spiked with 133Ba and 209Po before being digested in HNO3, 
H2O2 and HCl to extract 226Ra and 210Po from the sample matrix. 
Polonium-209 þ 210 were auto-deposited onto silver disks and counted 
by high resolution Alpha Spectrometry. Radium-226 and 133Ba were co- 
precipitated with barium sulfate (BaSO4) and collected on membrane 
filters. Barium-133 was counted on a High Purity Germanium (HPGe) 
Gamma Detector, while 226Ra activity was determined by high resolu
tion Alpha Spectrometry. Sediment ages were determined from unsup
ported 210Pb activity using both the Constant Initial Concentration (CIC) 
(Robbins and Edgington, 1975) and the Constant Rate of Supply (CRS) 
(Appleby and Oldfield, 1978) models. Sample ages were corrected for 
moisture content and dry bulk density. 

Fallout plutonium and uranium isotopes were analysed in 12 samples 
through the top 500 mm of TBC6. Isotopes were leached from the 
samples using sub-boiling aqua regia. Plutonium-242 (NIST SRM- 
4334H) and 233U (NBL CRM 111-A) were added as isotope dilution 
tracers. Purification of plutonium and uranium from the bulk matrix was 
then achieved by ion exchange chromatography using stacked 
Eichrom® TEVA and UTEVA cartridges (50–100 μm) (Child et al., 
2008). Plutonium and U fractions were co-precipitated separately with 
iron hydroxide (2.5 mg Fe), dried, calcined at 600 �C and loaded into 
AMS targets for analysis. AMS analysis was performed on ANSTO’s 
VEGA accelerator, with both Pu and U analysed at 1 MV in the 3þ charge 
state. Further details of the method have been previously published 
(Wilcken et al., 2015). 

Vertical substrate growth rates for TBC6 were calculated by fitting a 
3rd order polynomial function to the 210Pb age/depth data, creating an 
age model for the core. Core growth rate uncertainty was calculated 
from the difference between the 210Pb ages and fallout radionuclides 
ages. 

2.4. Sea level data and hydro-period analysis 

Sea level records to compare with substrate accretion rates in the 
studied mangrove basin are available from regional and local tide 
gauges. Regional SL records include from Fort Denison, Sydney Harbour 
(Bureau of Meteorology), Australia’s longest SL record (reliable data 
available from 1914), >600 km south of the study site and from the 
Australian Baseline Sea Level Monitoring Project (ABSLMP) sites at 
Rosslyn Bay and Port Kembla (National Tide Centre, 2012). These are 
the closest ABSLMP sites to the study site at 625 and 735 km distant, 
respectively. ABSLMP data commenced in the late 1990s and are the 
most accurate SL records from Australia as they are corrected for gauge 
subsidence and climate variability. Locally relevant SL data are available 
from the Gold Coast Sea Way (28 km distant) and the Brisbane Bar 
(~100 km distant) (www.bom.gov.au). 

Tidal flooding frequency statistics for the study site were calculated 
for the Terranora Broadwater using data from the Tweed River Terra
nora tide gauge station (AWRC No. 201447). This consisted of 18,968 
high-tide observations for the period 12/1987 to 6/2016 (data provided 
by Manly Hydraulics Laboratory; NSW Office of Environment of Envi
ronment & Heritage). Site tidal-flooding patterns were related to the 
adjacent Terranora station using pressure loggers (Rugged Troll 100 
data loggers, Insitu, Colorado, USA). These were deployed for various 
periods between 2010 and 2015. Logger data were corrected for atmo
spheric variability and calibrated for water depth during deployment. 
Site flooding patterns were compared with a site digital terrain model 
derived from high-resolution LiDAR data (provided by Tweed Shire 
Council) and processed as outlined in Knight et al. (2009). This allowed 
the elevation of the berm to be determined and subsequently allowed 
calculation of the tidal exceedance level for the study site. 

3. Results 

3.1. Sedimentary characteristics of the mangrove basin 

Three main sedimentary units were identified in the master-core 
(TBC6) (Fig. 3B). A medium grey sand occurred from the base of the 
core (884 mm depth) until 830 mm. This was overlain by grey silt (830- 
400 mm). Above the silt was a transition zone (400-300 mm) that graded 
into brown fibrous peat, characterised by a high concentration of small 
roots, but also including a palaeo-pneumatophore (Fig. 3A and B). The 
top 10–15 mm of the core consisted of highly reduced black peat, 
typically described as monosulfidic black ooze (MBO). Overall, the core 
was characterised by decreasing bulk density and increasing organic 
content toward the surface (Fig. 3C). Organic content of the silt layer 
was <30% content by weight, while bulk density was 0.7 g/m3. In the 
transition zone, above the silt, organic matter increased to ~30% and 
bulk density was 0.2 g/m3, reflecting increased root matter content in 
the core (Fig. 3C). In the peat unit, organic matter reached 50–70% of 
sample mass and bulk density was 0.1–0.14 g/m3. 

The stratigraphy of TBC7, from the ridge in the centre of the basin 
(Fig. 2A and B), broadly matched the master-core. This 900 mm core 
consisted of 500 mm of organic silt, overlain by a 100 mm transition 
unit. Above the transition unit the core contained silty peat between 400 
and 190 mm depth. This was overlain by an increasingly organic peat 
(above 190 mm depth), with an approximately 5 mm MBO unit at the 
top of the core. TBC5, collected from the seaward-most pool at the 
lowest point in the mangrove basin, was 1670 mm deep (Fig. 2B). It 
consisted of a basal unit of coarse grey sand (1670–780 mm depth) 
containing shell fragments. Between 780 and 300 mm the sediment was 
more fine textured (slit), more organic (10–20% by weight) and darker 
in colour. From 300 mm the core organic content increased to >25%, 
increasing again to >37% in the top 200 mm of the core. At 200 mm, the 
sediment became browner with roots and occasional partly decayed 
pneumatophores present. Above 150 mm the core comprised an organic 
rich, black MBO, overlain by a 2 mm deep orange surface oxidised unit. 
Core TBC1, from a pool at the back of the study site (Fig. 2A and B), was 
600 mm deep and contained a similar, although condensed (due to its 
higher elevation) sedimentary structure to TBC5. It comprised of a grey 
sand layer (organic content <10%) (600-510 mm depth), overlain by an 
increasingly silt rich unit (510-380 mm). Between 380 and 170 mm the 
core became increasingly brown in colour and more organic (average 
17%). Above 170 mm, the organic content increased above 30% with 
the sediment browner in colour and more fibrous (due to the presence of 
roots). The top of the core above 85 mm consists of MBO with a 2 mm 
oxidised surface layer. 

3.2. Dating 

Unsupported 210Pb activity in 14 independent samples from core 
TBC6 consistently declined with depth (Fig. 3D). Minor deviation in the 
age/activity profile at 100 and 170 mm depth was attributed to input of 
sediment with a different initial 210Pb activity, or minor translocation of 
210Pb within the core. Despite these slight deviations, the unsupported 
210Pb structure indicates the core was highly amenable to 210Pb dating. 
Lead-210 ages were modelled using both standard age models, the 
Constant Initial Concentration (CIC) and Constant Rate of Supply (CRS) 
models. Results from both models were near identical (Fig. 3E), 
implying the sedimentation rate and the 210Pb flux to the basin have 
been broadly constant. 

Unsupported 210Pb activity in the three other cores collected from 
the studied mangrove basin (TBC1, 5 and 7) also showed a consistent 
decline with depth, albeit with two perturbations in the profile of TBC5 
(Table 1). This indicated these three cores were also suitable for 210Pb 
dating. Similar to the master-core, the CRC and CIC age models yielded 
identical results for TBC7 (from the central ridge). For the two pool 
cores, TBC1 and TBC5, the CIC model resulted in younger ages in the 

S.K. Marx et al.                                                                                                                                                                                                                                 

http://www.bom.gov.au


Estuarine, Coastal and Shelf Science 241 (2020) 106813

5

deepest samples relative to the CRC age model. These were close to error 
for TBC1 (40 mm depth CRS ¼ 114 � 1 years, CIC ¼ 98 � 11 years), but 
more significant in TBC5 (52 mm depth CRS ¼ 93 � 3 years, CIC ¼ 135 
� 11 years). Greater complexity in ages in the pool cores reflects their 
more complex depositional environment. They receive both primary 
sediment input and secondary sediment input from the mangrove sub
strate adjacent to them. 

The age structure of TBC6 (the master core) was further investigated 
using 240þ239Pu and 236U fallout radionuclides (Fig. 3F). Concentrations 
of both 240þ239Pu and 236U exhibit the same topology through the core, 
although the environmental concentration of 236U is much lower than 
that of 240þ239Pu. Samples below 400 mm depth contain negligible 
240þ239Pu and 236U concentrations. Concentrations increased above 380 
mm depth (more obviously for Pu initially), increasing more rapidly 
after 336 mm, and reaching a pronounced peak at 320 mm. Above this, 
concentrations decrease until 185 mm, from where they decease more 
significantly toward the top of the core. 

The pattern of 240þ239Pu and 236U concentrations in TBC6 generally 
match the temporal pattern of atmospheric 137Cs fallout measured in 
Brisbane (~100 km north) (Longmore et al., 1983) (Fig. 3G). However, 
240þ239Pu and 236U concentrations in the core display less variability 
than recorded in atmospheric 137Cs activity. This is likely due to the 
resolution at which the core was sampled, although it may also reflect 
minor mobility (smoothing) of 240þ239Pu and 236U concentrations within 
the core. Despite this, the broad agreement between atmospheric 137Cs 
and 240þ239Pu and 236U in the core indicates fallout radionuclides are 
useful chronostratigraphic markers in this context. 

3.3. Calculation of substrate accretion rates 

The polynomial functions applied to the 210Pb CRS and CIC age/ 
depth data in TBC6 precisely fit the data, returning r2 values of 0.99 and 
RMSE values of 1.4 and 2.8 (Fig. 3E). This indicates core accretion rates 
can be accurately calculated. The accuracy and precision of the 210Pb 
age model can be further examined using fallout radionuclides. These 
provide independent chronology for the core. Plutonium isotopes 

(239þ240Pu) are becoming increasingly established as chronostrati
graphic markers (Zheng et al., 2008) due to their greater prevalence and 
ease of detection compared to 137Cs (Hancock et al., 2011). Similarly, 
236U has a common source from bomb fallout and therefore potentially a 
shared distribution, albeit at lower concentrations. Studies have begun 
to investigate 236U as a chronostratigraphic maker (Ketterer et al., 2013; 
Srncik et al., 2014; Wendel et al., 2013). 

Fallout 240þ239Pu and 236U provide two chronostratigraphic tie 
points in sediment cores; i) initial onset of fallout accumulation 
(1951–1953) and ii) peak fallout (1963). This allows identification of 
four zones in TBC6. These are; i) the pre-fallout period (pre-1950), ii) 
fallout onset (1951–1953), iii) peak fallout (1963) and, iv) declining 
fallout (post-1980). The age/depth structure of these zones in TBC6 
conform to the 210Pb dates (Fig. 3). The onset of increasing 240þ239Pu 
and 236U concentrations occurs at 365–390 mm depth, equating to 1952 
CE (Longmore et al., 1983; UNSCEAR, 2000). The 210Pb age models 
predict this depth range equates to the years 1947–1956 CE or 
1945–1952 CE for the CIC and CRS models (Fig. 3). Peak bomb fallout 
240þ239Pu and 236U concentrations at 310–330 mm depth representing 
the year ~1963 (Longmore et al., 1983; UNSCEAR, 2000). The equiv
alent date in 210Pb space is 1965–1970 and 1960–1966 for the CIC and 
CRS models. Therefore, the two dating systems are in agreement indi
cating core accretion rates can be reliably calculated. Minor differences 
between the two systems likely represent the sampling resolution, or 
minor mobility in 210Pb and Pu, which is possible in some cases (Field 
et al., 2018; Kaplan et al., 2006; Urban et al., 1990). 

Using the polynomial function, fitted to the 210Pb age/depth data 
from TBC6, substrate accretion rates were calculated, while the differ
ence between 210Pb ages and fallout chronostratigraphic ages were used 
to calculate uncertainty. Resulting average substrate accretion rates are 
4.1 � 0.3 and 4.5 � 0.005 mm/yr for the CIC and CRC age models over 
the past ~120 years. Growth rates are increased toward the present 
reaching 7.8 � 1.2 and 7.2 � 0.007 mm/yr after 1990 CE. The other 
cores show similar growth rates, but with some variability. TBC7 dis
plays growth rates of 3.7 mm/yr over the last 120, years increasing to 
5.0 mm/yr since 1990 (Fig. 2C). Growth rates in the two pool cores 

Fig. 3. Sedimentology and geochronology of the master-core, TBC6. A) Photograph of the core. B) The main stratigraphic units. C) Organic content and bulk density. 
D) Supported and unsupported 210Pb profiles. E) The 210Pb age-depth relationship derived from the CIC and the CRS age models. Fitted cures represent 3rd order 
polynomials. Curve equations, Root Mean Squared Error (RMSE), Mean Squares Weighted Deviation (MSWD) and r2 values are indicated on the panel. F) Con
centrations of fallout radionuclides 239þ240Pb and 236U through the sediment profile. G) Atmospheric 137Cs fallout activity in Brisbane, 100 km from the study site 
(Longmore et al., 1983). 
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(TBC1 and TBC5) are 4.1 and 3.8 mm/yr, increasing to 4.7 and 4.0 mm/ 
yr since 1990. 

3.4. Hydro-period 

LiDAR data indicated the lowest elevation of the berm at the seaward 
edge of the mangrove basin is 0.55 m AHD (Fig. 2A). The pressure 
loggers placed around the basin show flooding of the site occurred at 
high tides equivalent to �0.68 m AHD, as recoded at the Terranora tide 
gauge station (AWRC No. 201447). This difference implies there is 
approximately 0.1 m of tidal attenuation between the gauge site and 
studied mangrove basin. The mangrove basin flood tide height therefore 
represents the 90th percentile of all high tides (Fig. 4A). This equates to 
an average of approximately 61 high tides/year with tidal inundation 
tracking the lunar spring-tide cycle. 

4. Discussion 

In the following discussion the mode of substrate accumulation is 
first examined, then the rates of substrate accretion are compared with 
regional and local SLR. Lastly, the implications of substrate accretion for 
C sequestration are discussed. 

4.1. Modes of mangrove substrate production 

Mangrove substrate growth has been attributed to both sediment 
accretion (Lovelock et al., 2015) and biological production (McKee 
et al., 2007; Toscano and Macintyre, 2003). Sediment accretion is a 
major component of mangrove substrate vertical accretion in some en
vironments (Cahoon and Lynch, 1997), including in Moreton Bay, ~80 
km north of the study site (Lovelock et al., 2015). It has been suggested 
that if sediment accretion is lower than SLR mangroves may collapse 
(Ellison and Stoddart, 1991). In other settings, however, such as the 
Caribbean, peat/root production appears to be the main means of sub
strate growth (McKee et al., 2007; Parkinson et al., 1994). 

At the study site, the contribution of sediment accretion versus bio
logical production was determined from the difference between sedi
ment depth and the sedimentation rate. In TBC6 the difference between 
the 210Pb CRS model mass accumulation rate (the sedimentation rate) 
and the sediment depth demonstrated that substrate in the upper 300 
mm of core consists primarily of an organic matrix. The physical 
component of the core (including sediment and organic matter) equates 
to only 34 mm (11%) of the vertical core space. Within this 34 mm, 
approximately 60% consisted of organic matter with the remainder 
mineral sediment. The main component of the vertical height of the core 
therefore consists of void (89%), indicating the structure of the substrate 

Table 1 
210Pb activity, ages and mass accumulation rates in collected sediment cores.  

Core Average Total210PFb Supported Unsupported Age CIC Age CRS CRS MAR 

depth (mm) (mm) 210Pb (Bq/kg) 210Pb (Bq/kg) (Years) (Years) (g/m2/yr) 

TBC6 5 123.3 � 6.8 2.5 � 0.3 121.0 � 6.9 0.8 � 0.4 0.6 � 0.8 0.10 � 0.01  
45 108.6 � 5.0 4.4 � 0.6 105.0 � 5.0 6.8 � 0.4 5.7 � 2.4 0.09 � 0.01  
65 105.3 � 4.7 4.7 � 0.4 102.7 � 4.8 9.8 � 0.5 8.3 � 2.9 0.09 � 0.01  
75 93.6 � 4.2 5.3 � 0.6 89.0 � 4.2 11.3 � 0.5 9.6 � 3.1 0.10 � 0.01  
105 95.6 � 4.6 3.6 � 0.4 92.1 � 4.6 16.2 � 0.7 13.9 � 3.7 0.08 � 0.01  
145 83.5 � 3.8 3.0 � 0.3 82.2 � 3.9 21.9 � 0.9 19.7 � 4.4 0.08 � 0.01  
165 98.0 � 4.4 2.6 � 0.3 97.5 � 4.5 24.2 � 1.1 22.3 � 4.7 0.06 � 0.01  
205 83.6 � 4.4 2.6 � 0.3 81.2 � 4.4 29.0 � 1.3 28.6 � 5.3 0.06 � 0.01  
245 49.7 � 2.5 2.7 � 0.3 48.1 � 2.5 34.5 � 1.6 35.0 � 5.9 0.08 � 0.01  
255 43.2 � 2.1 2.5 � 0.3 41.0 � 2.1 36.0 � 1.7 36.3 � 6.0 0.09 � 0.01  
305 50.1 � 2.3 3.1 � 0.3 47.4 � 2.4 44.4 � 2.5 45.3 � 6.7 0.06 � 0.01  
405 14.5 � 0.6 2.1 � 0.3 12.4 � 0.7 67.0 � 4.8 68.2 � 8.3 0.11 � 0.02  
455 12.3 � 0.5 2.9 � 0.3 9.6 � 0.6 92.4 � 6.2 89.8 � 9.5 0.07 � 0.02  
505 12.4 � 0.6 4.1 � 0.4 8.5 � 0.7 131.9 � 7.9   

TBC7 5 98.6 � 5.2 3.1 � 0.3 95.8 � 5.3 1.0 � 1.0 0.8 � 0.9 0.19 � 0.01  
55 95.2 � 4.5 3.9 � 0.4 91.4 � 4.5 11.1 � 1.2 9.6 � 3.1 0.15 � 0.01  
105 69.5 � 2.9 4.7 � 0.7 65.0 � 3.0 21.2 � 1.5 19.2 � 4.4 0.16 � 0.01  
155 48.0 � 1.8 0.9 � 0.2 47.5 � 1.9 31.3 � 2.0 28.5 � 5.3 0.16 � 0.01  
205 42.9 � 1.9 3.9 � 0.4 39.1 � 2.0 43.9 � 2.6 41.2 � 6.4 0.13 � 0.01  
255 22.7 � 0.9 3.1 � 0.3 19.8 � 0.9 59.1 � 3.4 56.6 � 7.5 0.16 � 0.02  
305 16.3 � 0.7 3.8 � 0.4 12.6 � 0.8 74.2 � 4.2 70.2 � 8.4 0.17 � 0.02  
355 14.2 � 0.6 3.2 � 0.3 11.0 � 0.7 89.4 � 5.0 86.2 � 9.3 0.12 � 0.02 

TBC5 30 157.7 � 3.3 3.8 � 0.5 156.0 � 3.4 6.3 � 2.2 6.4 � 0.18 0.22 � 0.01  
50 105.8 � 4.0 3.2 � 0.3 103.0 � 4.0 10.5 � 2.3 10.4 � 0.39 0.30 � 0.01  
90 90.6 � 3.2 2.8 � 0.2 88.1 � 3.3 19.8 � 2.7 18.1 � 0.66 0.27 � 0.01  
110 80.6 � 2.1 3.0 � 0.5 78.6 � 2.2 24.9 � 3.0 22.5 � 0.80 0.27 � 0.01  
135 48.4 � 1.5 4.1 � 0.5 44.9 � 1.6 31.2 � 4.2 27.4 � 0.94 0.40 � 0.02  
135 42.4 � 2.0 3.1 � 0.4 39.3 � 2.0 31.2 � 2.7 27.4 � 0.94 0.46 � 0.03  
162.5 74.6 � 3.0 3.5 � 0.3 71.4 � 3.1 38.2 � 4.2 32.7 � 1.10 0.21 � 0.01  
195 54.6 � 2.7 5.9 � 0.6 48.8 � 2.7 46.4 � 3.8 41.4 � 1.37 0.24 � 0.02  
247.5 20.2 � 0.7 4.3 � 0.4 16.0 � 0.8 59.7 � 5.0 50.6 � 1.67 0.55 � 0.04  
247.5 23.6 � 0.8 6.6 � 0.6 17.2 � 1.0 59.7 � 5.0 50.6 � 1.67 0.51 � 0.04  
295 28.5 � 1.3 6.0 � 0.6 22.4 � 1.4 72.7 � 5.8 58.5 � 1.95 0.30 � 0.03  
340 15.8 � 0.7 5.7 � 0.4 10.2 � 0.9 85.9 � 7.2 66.6 � 2.27 0.52 � 0.05  
400 14.3 � 0.6 6.5 � 0.5 7.9 � 0.8 103.7 � 8.5 74.7 � 2.63 0.52 � 0.05  
507.5 11.6 � 0.4 4.5 � 0.4 7.1 � 0.5 135.4 � 11.1 92.5 � 3.56 0.33 � 0.04 

TBC1 5 83.5 � 2.0 2.8 � 0.3 81.1 � 2.0 2 � 2.0 2.4 � 0.6 0.21 � 0.05  
55 84.7 � 4.4 2.9 � 0.4 76.8 � 4.1 7 � 1.3 9.9 � 0.9 0.18 � 0.02  
105 33.1 � 1.2 10.8 � 0.8 20.9 � 1.3 20 � 2.4 23.6 � 0.9 0.20 � 0.01  
155 28.2 � 1.0 6.9 � 0.6 21.4 � 1.2 31 � 4.5 32.8 � 0.9 0.23 � 0.01  
205 24.5 � 0.8 8.0 � 0.7 15.4 � 1.0 43 � 4.9 43.5 � 1.0 0.24 � 0.01  
255 15.4 � 0.5 4.4 � 0.3 11.0 � 0.6 59 � 7.0 59.5 � 1.0 0.24 � 0.00  
305 13.2 � 0.4 5.4 � 0.4 7.7 � 0.6 75 � 8.7 78.9 � 1.1 0.23 � 0.00  
355 8.7 � 0.4 5.5 � 0.4 3.2 � 0.6 98 � 11.3 114.1 � 1.3 0.21 � 0.00  
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is being supported by an organic matrix as evident in the core image 
(Fig. 3A) and indicated by the very low bulk densities in the upper 300 
mm of the core (Fig. 3C). This is consistent with the upper part of the 
substrate being developed from mangrove roots, which are known to 
respond to tidal inundation (Baylis, 1950; Parkinson et al., 1994). 

Mangrove peat production has been the dominate mode of substrate 
production at the study site over the past 70 years. Before 1940 CE 
sediment accretion was the main mode of substrate production (Fig. 3). 
The silt unit deposited before 1940 CE largely consists of physical ma
terial. It is 65% physical mass (mineral matter and organic matter) of 
which 74% is mineral material. The change in the mode of substrate 
development to peat formation beginning after 1940 CE indicates the 
development of the mangrove basin and coincides with human modifi
cation of the Tweed estuary. Dredging and river training occurred 
downstream of the study site from the early 20th Century. Drainage 
ditches (for pasture conversion) were constructed adjacent to the study 
site after the 1960s. These changes would have resulted in increasing 
hydro-period at the site, facilitating development of the mangrove basin 
and causing rapid expansion in mangroves in Terranora Broadwater. 

Mangrove extent almost doubled between the 1930s (48.61 ha) and the 
late 1940s (91.78 ha), which was much greater than in subsequent pe
riods (Saintilan, 1998). 

4.2. Comparison of mangrove substrate accretion to sea level rise 

The Fort Denison SL record is the closest SL record to the study site. It 
records average annual SLR between 1914 and 2013 of 1 mm/yr. This is 
lower than the centennial-scale substrate accretion rates exhibited in the 
studied mangrove basin of 4.1–4.5 mm/yr. Rates in the basin are also 
more than double centennial observations from global composite re
cords of 1.9 mm/yr (1880–2013) (Church and White, 2011). However, 
SLR in specific locations can vary significantly from global averages (see 
below), while it is noteworthy that substrate accretion rates calculated 
from sediment cores in other studies, including in Brazil and southern 
Florida, also exceed rates of global/regional SRL (Sanders et al., 2010; 
Smoak et al., 2013). 

Because SLR in specific locations can vary significantly from global 
averages (see below), regional and local SL records may provide a more 
relevant comparison from which to assess changes at the study site. As 
noted, the most accurate SL observations in Australia are recorded at 
ABSLMP sites since the 1990s. The Rosslyn Bay and Port Kembla 
ABSLMP sites (the closest to Terranora Broadwater) record SLR of 3.5 
and 2.6 mm/yr since ~1991 CE (National Tide Centre, 2012). This is 
significantly lower than the 7.8 to 7.2 mm/yr in the studied mangrove 
basin over the same period. This difference implies i) substrate pro
duction at the study site is occurring faster than SLR, and/or, ii) local 
SLR differs from global or regional comparisons, and/or, iii) subsidence 
is affecting the elevation of the study site relative to SL, i.e., substrate 
growth maybe tuned to regional SLR. 

ABSLMP SLR observations from Australia range from 2.6 to 9 mm/yr 
(National Tide Centre, 2012), indicating there is significant regional 
variability in SLR. Therefore local tide gauge data may better account for 
changes at the study site. SL data from the Gold Coast Seaway (28 km 
north), are not corrected for other factors that may influence SL, how
ever, many of these factors, like climate variability, would also be ex
pected to affect water levels at the study site. The Gold Coast Seaway 
gauge records SLR of 4.5 mm/yr between 1999 and 2012, similar to the 
centennial growth rates recoded at the study site. SLR at the Gold Coast 
increased to 6.9 mm/yr between 2002 and 2012, again comparable to 
substrate growth in TBC6. This suggests substrate production in the 
studied mangrove basin matches local SLR. The Brisbane Bar tide gauge 
records a similar magnitude of SLR to the Gold Coast Seaway (data not 
shown), implying rates of local SLR are faster than regional estimates. 
This result illustrates the potential difficulty of using regional SL records 
to compare with the response at specific sites. 

4.3. The effect of subsurface processes on apparent substrate accretion 

The surface elevation of mangrove substrate can be influenced by a 
number of processes operating over different time scales. Longer-term 
processes include deep subsidence/sedimentary compaction and gla
cio/hydro isostatic adjustment (Krauss et al., 2014; Murray-Wallace and 
Woodroffe, 2014), while shorter-term processes include changes in 
groundwater/water-table and sediment supply, in addition to 
near-surface sediment compaction, oxidation and biogeochemical decay 
(Lovelock et al., 2011; Murray-Wallace and Woodroffe, 2014; Rogers 
et al., 2014; Xiong et al., 2019). Consequently, the substrate can exhibit 
apparent growth while compacting at greater depth. Alternatively, 
substrate may exhibit an increase in elevation without a change in mass, 
e.g., due to a rising water table. 

The upper part of the substrate, that is, Units 1 and 2 in core TBC6, 
represents the most active part of the substrate, containing a high vol
ume of pore space and living and dead organic matter (Fig. 3A and C). It 
is therefore the region most likely to experience compaction/expansion 
processes. Calculated vertical growth rates in TBC6 are therefore the net 

Fig. 4. Hydro-period at the study site. A) High tide percentiles for the Terra
norra tide gauge station (AWRC No. 201447). The level at which the tides 
connect to the studied mangrove basin is indicated by the blue line. B) The 
number of high tides per annum which connect to the mangrove basin. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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result of changes in sediment supply, biological production, oxidation 
and biogeochemical decay. Compaction processes are unlikely to have 
any significant effect on the active layer of the substrate at the study site. 
Compaction would manifest as an increase in bulk density or in mass 
accumulation rates (MAR) in substrate (where MAR ¼ the depth interval 
divided by time, multiplied by the bulk density). Neither parameter 
displays any down core pattern in the mangrove peat unit, i.e., bulk 
density ranges between 0.09 and 0.15 g/m3, (Std ¼ 0.018) and MARs are 
between 0.63 and 0.95 g/cm2/yr (Std ¼ 0.13). Although bulk density 
and MARs increase within the organic silt unit below the peat this is 
consistent with a different set of depositional processes, rather than any 
change in compaction. 

Deep subsidence at the study site is expected to be low. Subsidence/ 
compaction rates in eastern Australia are less than � 0.01 mm/yr over 
the Quaternary (Roy and Thom, 1981), much lower than substrate 
growth rates. The base of the active sedimentary layer consists of a well 
sorted saturated sand (at 830 mm depth for core TBC6), likely to have 
relatively low compressibility when combined with the small over
burden (<1 m of sediment). The results from SET studies from eastern 
Australia provide additional information on potential rates of sub
sidence/compaction that could occur below the depth of the collected 
cores. However, much of the compaction recorded in SET studies would 
be expected to occur in the upper part of the substrate profile and is 
therefore already included in our calculated substrate accretion rates for 
the study site. In addition, SETs have other limitations. For example, it is 
assumed the central control rod remains stable, while SET elevation 
changes are also influenced by antecedent water (rainfall and water 
levels) (Rogers et al., 2014). Despite these limitations, the relatively 
wide spatial extent of SET studies in eastern Australia provides a useful 
approximation of broad-scale compaction. Across eastern Australia, 
expansion (þ)/compaction (� ) measured by SETs ranges from þ0.19 
(measured in the Tweed estuary downstream of the study site) to � 11.6 
(measured on the Victorian south-coast (Rogers et al., 2006). If the 
average eastern Australian sediment compaction rate of � 2.5 mm/yr (n 
¼ 23) were occurring at the study site, the resultant vertical substrate 
accretion would occur at a similar rate to regional SLR, but below local 
SLR rates. Applying the locally measured rate of substrate expansion 

measured in the Tweed estuary (þ0.19 mm/yr) results in little differ
ence to the calculated core growth rates, i.e., the surface elevation 
change would remain similar to local SLR estimates. Overall, it is un
likely subsidence/compaction are influencing the study site below the 
depth of the cores. Consequently, the studied substrate is accreting 
coincident to SLR. 

4.4. Living landscapes? Feedbacks between mangrove substrate and 
hydro-period 

Agreement between the master-core growth rate and SLR since the 
late 1990s implies enhanced subsurface production occurs in response to 
increased hydro-period (conceptualised in Fig. 5), with mangrove pro
duction known to respond to inundation (Baylis, 1950; McKee et al., 
2007; Parkinson et al., 1994; Rogers et al., 2019). The Terranora tide 
gauge (AWRC No. 201447) demonstrates that high tides exceeding the 
mangrove basin flood height (0.68 m) have been increasing by ~2/year 
between 1987 and 2011 (Fig. 4B), likely driving increased mangrove 
substrate production. This negative feedback allows mangrove basins to 
persist in the highly dynamic coastal environment, where changes in 
hydro-period are caused by a variety of processes in addition to SL 
change, e.g., coastal geomorphic and fluvial reorganisation, increased 
sedimentation, or neotectonics. This is shown, for example, in the 
Caribbean and Gulf of Mexico (intermediate field sites) where peat se
quences of up to 18 m deep have tracked Holocene SLR (Toscano and 
Macintyre, 2003) and by rapid production of organic substrate in eastern 
Australia following mining subsidence (Rogers et al., 2019). 

While the initial change to organic dominated root production at the 
study site may have been caused by human modification of hydro- 
period, substrate production since that time is likely the result of 
ongoing SLR (Fig. 5). Development of substrate across the mangrove 
basin suggests the basin is maintaining the same position within the tidal 
plane, where the site remains flooded by high tides above the 90th 
percentile, tracking an increase in SL (e.g., Fig. 5c). 

We hypothesise the trigger for subsurface production is reduced 
dissolved oxygen (DO) during tidal inundation. DO in pool water at the 
study site decreases to 0 mg/l within a few hours following a tidal 

Fig. 5. Conceptual diagram showing the response of the studied mangrove basin forest to changing sea level. A) Top panel shows the substrate height and structure 
as it would have been in at 1940 CE, before significant human modification (as inferred from core stratigraphy). The lower panel shows the degree of sedimentary 
development by 2013 CE. After 1940 CE the mode of substrate production changed becoming dominated by organic production and resulting in 400 mm of mangrove 
peat formation. The figure shows the rate of mangrove peat production occurs at a rate broadly matching sea level rise, as indicated by the red arrow on the left of the 
lower panel. Panel B shows the change in structure and degree of substrate accretion between 1940 and 2013. Panel C shows the theoretical change to hydro-period 
between 1940 and 2013. Note, that although sea level increases, vertical accretion of mangrove substrate results in the mangrove basin maintaining the same position 
within the tidal plane. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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connection (Knight et al., 2013), while low DO levels have been recor
ded within pneumatophores during inundation (Allaway et al., 2001). 
Therefore low DO levels during pneumatophore inundation may trigger 
mangrove root growth (Baylis, 1950; McKee et al., 2007; Parkinson 
et al., 1994; Rogers et al., 2019). Further research is needed to test this 
relationship. 

4.5. Carbon sequestration 

Mangroves incorporate large amounts of CO2, into their biomass or 
substrate (Rogers et al., 2019). Because they build organic substrate 
their ability to sequester C below ground is of particular significance 
(Alongi, 2014). The growth of peat sequences in response to increased 
hydro-period therefore represents a negative feedback to human 
induced SLR via drawdown and sequestration of atmospheric CO2. 

In the study site, the rate of C sequestration can be estimated from 
the organic matter content of the evolving peat sequence. In broad 
terms, C comprises approximately 50% of organic matter (Howard and 
Howard, 1990; Pribyl, 2010). Consequently, the studied mangrove basin 
forest has sequestered C at a rate of >220 g/m2/yr over the past 100 
years (as calculated from TBC6), comparable, although higher, than the 
average global rate of mangrove C sequestration of 174 g/m2/yr 
(Alongi, 2014). Rates of C sequestration calculated in this study are also 
comparable with, although towards the upper end of, C sequestration 
measured in 24 mangrove systems across Australia at an average of 126 
� 90 g/m2/yr (Serrano et al., 2019). We suspect the relatively high rates 
of C sequestration measured in this study are due to the study site being 
a mangrove basin, which may have the ability to sequester more C by 
comparison to mangroves in other geomorphic configurations. Organic 
content in TBC6 increased after ~1970 CE suggesting C storage repre
sents a negative feedback to atmospheric C02 levels from SLR within 
some mangrove systems. 

Accurately assessing the rate of C sequestration in mangroves is 
complex as some of the peat may be living, i.e., part of the substrate is 
comprised of active roots. This is unlike other peats, which often have 
very shallow rooted vegetation, e.g. alpine peatlands or sphagnum peat. 
This obviously affects the ability to constrain rates of C sequestration. 
Despite this limitation, in the upper peat unit across the Terranora site, 
rates of C sequestration approximates 250–300 g/m2/yr since the late 
1990s, confirming the results of recent studies which demonstrate 
increasing C sequestration in response to increasing hydro-period 
(Rogers et al., 2019). 

5. Summary and implications 

This study demonstrates root production is the main means of surface 
accretion at the study site, resulting in surface growth rates of approx
imately 4 mm/yr over the past century. The rate of vertical substrate 
production is broadly consistent with local and regional measures of 
SLR, while increasing subsurface accretion after ~1990 CE is also 
consistent with local increases in SLR from this time. 

Our results indicate mangrove basin forests may, in some cases, be 
resilient to SLR. This is because mangroves occupy a dynamic coastal 
environment where hydro-period can be influenced by processes inde
pendent of SLR and human activity, e.g., rainfall variability, coastal 
geomorphic change. To exist in this dynamic space, mangrove basin 
forests have adapted ecogeomorphic feedbacks that allow them to 
respond rapidly to changing conditions, that is, building organic sub
strate during increased tidal inundation or oxidation/collapse of organic 
substrate if tidal inundation decreases. Although it should also be noted 
palaeo records show there are limits to mangrove resilience (Woodroffe 
et al., 2016). 

Substrate production at the study site is also resulting in significant C 
sequestration. This further confirms the capacity of mangrove systems to 
act as a negative feedback to global warming via atmospheric CO2 
drawdown and C storage. 
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