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Abstract:

Much uncertainty exists about the vulnerability of valuable tidal marsh ecosystems to relative sea
level rise. Previous assessments of resilience to sea level rise, to which marshes can adjust by
sediment accretion and elevation gain, revealed contrasting results, depending on contemporary
or Holocene geological data. Based on globally distributed contemporary data, we find that
marsh sediment accretion increases in parity with sea level rise, at first sight confirming
previously claimed marsh resilience. However, subsidence of the substrate shows a non-linear
increase with accretion. As a result, marsh elevation gain is constrained in relation to sea level
rise, and deficits emerge consistent with Holocene observations of tidal marsh vulnerability.

One-Sentence Summary: The subsidence of sediment under high rates of accretion reconciles
instrumental and paleo assessments of marsh vulnerability to sea-level rise.
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Main Text:

Tidal marshes are amongst the most vulnerable of the world’s ecosystems. Throughout human
civilisation, tidal marshes have been reclaimed for agriculture and settlement, and the pace of
loss has accelerated in concert with burgeoning coastal populations on all inhabited continents
over the past century (7, 2). To this pressure has been added the threat of accelerating sea-level
rise. As tidal marshes occur within tightly defined elevation ranges relative to mean sea level,
they are sentinel ecosystems at the forefront of coastal climate change impact. Potential tidal
marsh loss with sea-level rise threatens a range of ecosystem services valued at ~$27 trillion
USD per year (3), extending to fisheries production, recreation, cultural heritage, coastal
protection, water quality enhancement and carbon sequestration.

Sea-level rise can lead to marsh loss through marsh edge erosion, conversion to mudflats,
encroachment of mangrove forests where they occupy lower tidal position and/or the expansion
of internal ponds and channels, with all mechanisms enhanced by the loss of marsh surface
elevation relative to mean tide level (4). The fate of tidal marshes under accelerating sea-level
rise will be determined not only by opportunities for landward marsh migration (5) but also by
the capacity of tidal marshes to gain elevation through vertical accretion of mineral sediment and
organic matter (6). Biophysical feedbacks between sea-level rise and the vertical development of
marsh substrates reduce the risk of loss occurring through conversion to unvegetated mudflats or
open water (7). Modelling based on observations from United States (US) East Coast organic
marshes(8) and United Kingdom (UK) minerogenic marshes (9) has suggested an equilibrium
may emerge between the position of a marsh within the tidal frame, plant productivity, root mass
development, sedimentation and the elevation of the marsh in response to mean sea-level (Fig 1).
This equilibrium may be sustained under low rates of relative sea-level rise (RSLR), the
combination of vertical land movement and sea-level change. How widely these controls and
their upper limits operate across marsh sites globally has been a crucial and disputed question in
the regional- to global-scale modelling of tidal marsh responses to projected rates of RSLR under
climate change (35, 7, 10). Presently, observations of contemporary marsh accretion suggest that
marshes can adjust to rates of RSLR of >10 mm yr! (7, 71, 12). However, the Holocene marsh
record suggests that adjustment is highly unlikely (90% probability) at RSLR exceeding 7 mm
yr'! for UK tidal marshes (73) and tropical mangroves (10), and 3-5 mm yr! for marshes in the
Gulf of Mexico (74). Here we report on contemporary tidal marsh elevation gain in relation to
RSLR, testing the importance of environmental conditions in mediating these responses.

Several factors may influence the efficacy of tidal marsh vertical adjustment to sea-level rise, but
their relative contribution to explaining observed regional to global variability in marsh
responses remain poorly elucidated. Globally, tidal range in marshes can vary from a few
centimetres to 16 metres and this variability will influence the susceptibility of marshes to
drowning, particularly where the tidal range is low compared to the projected RSLR (12, 15).
The position within the tidal frame influences the depth and duration of inundation and the
deposition of sediment, but it also influences mineral and organic accretion responses of the
marsh vegetation occurring at these specific positions (8, 9). Tidal hydrodynamics and river
discharge contribute to sediment delivery and accumulation (/5), and these may be modified by
flow control structures (16). Plant productivity is influenced by climate (precipitation and

.
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temperature), salinity, nutrients (/7), atmospheric CO> and vegetation composition, which in turn
influence soil organic carbon accumulation and decomposition. The rate of RSLR varies between
coastlines and continents, and millennial-scale variability in RSLR may also control soil organic
content, which may increase with sea-level rise when conditions are favourable (78). Sampling at
regional to global scales across hydro-geomorphic settings and biogeographic regions can clarify
the relative significance of these factors and determine the consistency of feedbacks facilitating
marsh adjustment to RSLR.

Accurate measurements of tidal marsh vertical adjustment in relation to sea level require a fixed
benchmark against which elevation gain or loss can be measured. To this end, the Surface
Elevation Table - Marker Horizon (SET-MH) method has been developed as a global standard
(19) for monitoring tidal marsh responses to RSLR (Fig 1). A rod is driven into the marsh to
form a stable benchmark against which elevation change can be measured. Vertical accretion
(the surface accumulation of inorganic sediment, organic sediment and living roots) is also
measured at most sites above an artificial marker horizon (typically white feldspar, clay or sand)
introduced at the time of the first measurements against the benchmark (20). Data from SET-MH
stations have informed models of marsh resilience to RSLR (7) (12), global projections of tidal
marsh and mangrove change in the coming century (5, 2/, 22), and the influence of vertical
accretion on carbon sequestration (23, 24).

We analysed tidal marsh elevation adjustment in relation to RSLR from SET-MH monitoring
stations which met our criteria of emergent tidal marsh vegetation, sufficient length of record (>
3 years), and exclusion from hydrological or experimental manipulation. The resulting network
of 477 tidal marsh SET-MH stations, across 97 sites, cluster in regions with distinct hydro-
geomorphic histories, and tidal and biogeographic characteristics thought to be important to
marsh resilience (Fig 2). In general, Southern Hemisphere stations (Australia and South Africa)
are in estuaries subject to millennia of stable or falling sea levels, with micro- to mesotidal
marshes on high, stable intertidal platforms typically low in percentage of soil organic carbon
(table S1; data S1). North Atlantic coastlines (Bay of Fundy, Canada; UK; Belgium) are
predominantly macrotidal, have been subject until recently to relatively stable (< 0.5 mm yr!)
or falling sea levels over the past few thousand years, have low soil organic carbon content and
are situated adjacent to waters with high total suspended matter (TSM). Coastlines in the
network subject to low rates of sea-level rise over the past few millennia include two large river
deltas with a microtidal regime (the Mississippi, USA, and the Ebro, Spain) and microtidal to
mesotidal barrier estuaries and embayments (Venice Lagoon, Southern California, the US Gulf
of Mexico chenier plains and estuaries). The US Atlantic and North Pacific coastlines have been
subject to relatively high rates of RSLR for several millennia, forming organic rich marshes
situated within barrier and embayment geomorphic settings. Contemporary RSLR varies
between coastlines due to vertical land movement and climate variability (25), with relatively
high rates of RSLR occurring in the Gulf of Mexico, the US North Atlantic and parts of the
North Pacific coasts and lower RSLR in most European and Southern Hemisphere sites (Data
S1).

This variability in RSLR allowed us to identify RSLR influences on marsh surface elevation
change, and on mechanisms driving the latter, including vertical accretion and shallow
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subsidence. SET-MH stations were monitored for an average of 10.1 yr (range: 3.5 - 20.0 yr)
over periods for which RSLR at nearest tide gauges (hereafter “contemporaneous” RSLR: X =
6.81 £ 6.41 mm yr'!) was significantly higher than the 50-year average (X =3.75 £ 2.73 mm yr'!;
P<0.001), and the 3000 year average derived from glacio-isostatic modelling (20) (X =0.65 *
0.72 mm yr'!; P <0.001), and encompassed rates associated with marsh retreat in the Holocene
stratigraphic record (10, 13, 14). We therefore tested three hypotheses concerning the feedback
between RSLR, vertical accretion and elevation gain: first, that the rate of vertical accretion
would increase with RSLR; second, that the rate of vertical accretion would correspond to
sediment availability; and third, that vertical accretion would correspond to marsh elevation gain.
We determine the extent to which these relationships are influenced by climatic, environmental,
and edaphic conditions (table S2), including soil bulk density and organic carbon.

The most important predictor of the rate of vertical accretion at a global scale was the 50-yr
RSLR trend (r*=0.48; P<0.0001). The observation of vertical accretion parity with increased
RSLR aligns with the predictions of feedback models suggesting marsh resilience to RSLR (7, §,
12) although the relationship was stronger in organic than minerogenic marshes (fig S1). Marsh
accretion across the network was higher at sites that are lower in the tidal frame (Fig 3B; as
measured by dimensionless D (20), an indicator of submergence (26), P<0.0001). Annual
average suspended matter in adjacent waters explained less than 10 percent of global-scale
variability in vertical accretion (fig S2), and the incorporation of tidal range as an additional
variable, as has recently been suggested (/2), did not improve the prediction of the rate of
vertical accretion (linear regression r>=0.03 ; n=410), or the r? (typically,<0.01 for low marshes
(i.e., D>0; n=168)), contrary to model projections (35, 7, 12). Vertical accretion on marsh surfaces
in settings of low total suspended matter suggests an important role for accretion of
autochthonous sediment (i.e., organic and/or locally resuspended mineral matter). One caveat is
that satellite-derived measures of suspended matter may not represent sediment concentrations at
the point of deposition, particularly in channelised estuarine settings. However, hydro-
geomorphic setting was also not strongly predictive of the rate of vertical accretion (fig S2).

While vertical accretion was the most important control on surface elevation gain at the global
scale (r* = 0.3; fig S2), shallow subsidence mediates the relationship between vertical accretion
and surface elevation gain (27, 28) (Fig 1; Fig 3C). Shallow subsidence was greater under higher
accretion rates (r* = 0.34; P<0.0001; Fig 3C; fig S3) and higher contemporaneous and 50-year
RSLR (12 = 0.16; P<0.0001; fig S3). As a result, on average less than half of the sediment
accreted above marker horizons translated into surface elevation gain, and this proportion
decreased between 5 mm yr! and 10 mm yr! of contemporaneous RSLR (P<0.0001). The deficit
between surface elevation gain and RSLR trend increased linearly with RSLR in all settings (Fig
3E,F), as did the proportion of SET-MH monitoring stations subject to an elevation deficit (Fig
4).

Marshes in the SET-MH network transition from a predominance of elevation surplus to
elevation deficit over a similar range of RSLR as has been historically observed in UK Holocene
marshes (Fig 4), which provide a record that is unique for the number of index points associated
with a range of RSLR histories (/3). Contemporary observations from the tidal marsh SET-MH
network, which accounts for shallow subsidence, were therefore consistent with observations of
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tidal marsh and mangrove behaviour during periods of relatively rapid sea-level rise in the
Holocene record (10, 13, 14, 22). Cumulative probabilities based on Bayesian modelling using
the SET-MH record suggest a drowning trajectory is likely (66% probability) at 3.6 mm yr'! and
4.6 mm yr'! in UK Holocene marshes and very likely (90% probability) at 7.6 mm yr! in the
SET-MH record and 7.1 mm yr'! in UK Holocene marshes (13) (Fig 4). While several sites in the
US Gulf and Atlantic coastlines had a contemporary rate of elevation gain exceeding 8 mm yr!,
these same sites had the lowest median projected time to open water conversion, as estimated by
the time to reach minimum survival elevation (20); table S5). The elevation subsidy provided by
their proximity to eroding shorelines (fig S4) may represent laterally migrating levees (29), a
precursor to marsh failure (table S4; fig S5).

In locations where sea level has been stable (<£0.5mm yr!) or falling over recent millennia (i.e.,
the macrotidal marshes of the North Atlantic and the Southern Hemisphere Australian and South
African marshes) soil organic carbon concentrations were significantly lower (on average less
than half) compared to marshes subject to millennial-scale RSLR (P<0.0001; table S1, figS6).
Gradually rising sea levels can both promote and preserve highly organic marshes (18, 30) by
increasing plant productivity, increasing organic carbon burial, reducing oxidation and slowing
decomposition. At a global scale, the proportion of organic carbon in accreting sediments across
our network was better explained by the 3000-year RSLR trend (r*= 0.23; P<0.0001) than
contemporaneous RSLR (r? = 0.07; P<0.0001: fig S6). Sites with higher bulk density and lower
percent organic carbon had lower rates of subsidence (table S1; Fig S1), a higher proportion of
vertical accretion contributing to elevation gain, consistent with predictions (9). In these
locations shorelines were relatively stable and the proportion of vegetated to unvegetated marsh
cover (20) was high (table S1).

The mechanisms promoting tidal marsh adjustment to low rates of sea-level rise may be
implicated in their failure under high rates of RSLR. The substrates undergoing marsh elevation
gain are increasingly subject to autocompaction and subsidence under increased accretion and
inundation depth. The elevation response is non-linear, and above a primary breakpoint between
5 and 10 mm yr! of vertical accretion, a higher proportional loss to subsidence constrains
elevation adjustment in response to accelerating RSLR. This observation reconciles the
instrumental record with probabilities of tidal marsh adjustment emerging from paleo-
stratigraphic records during phases of high RSLR during the Holocene. Both datasets suggest it
highly unlikely (P<0.1) that tidal marshes will be retained in sifu under global average rates of
RSLR attained by mid-century under high emissions scenarios, and by the end of the century
under mid-range emissions scenarios (25). These rates of RSLR are already reached in subsiding
deltas occupied by tidal marshes. Under these circumstances, tidal marsh survival will
increasingly depend on the upland migration.
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Fig 1: Processes influencing marsh surface elevation and their measurement using the
surface elevation table-marker horizon (SET-MH) monitoring station. Feedbacks between
sea-level rise, vertical accretion and elevation gain are conceptualised as driving marsh
substrates towards an equilibrium elevation within the tidal frame, facilitated by inputs of

10 mineral and organic matter. The SET-MH method measures soil elevation relative to a
benchmark (to which the portable component of the SET is attached), while a tide gauge records
the combined effect of changes in sea level and land movement occurring below the survey
benchmark rod, to which the gauge is routinely levelled. This combined recording of eustatic
sea-level (ocean volume) change and deep land movement is termed relative sea-level rise

15 (RSLR) and does not include processes measured by the SET-MH method.
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isostatic modelling (20).
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Fig 3: The increasing vulnerability of tidal marshes to RSLR. Accretion increases in parity
with the 50-year RSLR trend (A) and with marshes lower in the tidal frame (B). However, the
rate of shallow marsh subsidence increases with the rate of vertical accretion, with an upward
inflexion as RSLR increases between 5 and 10 mm yr! (C), suppressing elevation adjustment to
RSLR (D). As a result, the deficit between elevation gain and RSLR increases with the 50-year
RSLR trend (E) and the contemporaneous RSLR trend, the period over which individual SET-
MH stations were measured (F). In panels (B) and (C) points are coloured for the 50-year RSLR
trend in mm yr!, and in (D) for estimated time to failure (yr) under the elevation deficit against
the 50-yr RSLR trend (20).
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Fig 4: Rates of relative sea-level rise and marsh responses in the observational and paleo
record. Histogram of SET-MH monitoring stations showing elevation deficit, elevation surplus
and stability (parity) with contemporaneous RSLR (A), and the modelled probability of an
elevation deficit with different rates of RSLR (B). Histogram of paleo-marsh index points
showing positive, negative and no tendency in relation to RSLR in UK Holocene marshes (C)
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associated with different rates of Holocene RSLR (D). Numbers of observations for each RSLR
increment are shown at the base of each column.
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Materials and Methods

1. Conceptual Model

We conceptualise surface elevation trends as a function of elevation gains (through mineral
and organic matter accumulation, and soil volume expansion, including root mass gain) and
losses (through sediment erosion, and soil volume losses associated with subsidence,
autocompaction and decomposition of organic matter). These processes are driven by
hydrological, geomorphological and biological contributions (Fig 1). Hydrological processes
influence the accumulation of sediment through the mechanism of tidal inundation. Tides define
the lateral limit of tidal marshes and the space available for accumulation of both mineral and
organic matter, and accumulation of tidally-borne matter on marsh surfaces is also a function of
inundation depth. Sea-level rise alters the elevation of tides and consequently influences both
accommodation space and the rate of vertical accretion occurring on marsh surfaces.
Geomorphological processes influence the suspended sediment supply, sediment characteristics
and the rate of shallow subsidence. Biological processes include the influence of vegetation on
sediment trapping and below-ground root production, and the influence of microbial
decomposition on soil organic matter concentrations and volumes (37). Climate (temperature and
precipitation) influences biological processes including plant productivity and microbiological
activity. Identifiers and variables used in the analysis are provided in Table S2.

2. SET-MH network and installation

The Surface Elevation Table-Marker Horizon (SET-MH (32)) technique is the global
standard for measuring wetland responses to sea-level rise in real time (/9). It combines a
benchmark rod and detachable arm against which marsh elevation change is repeatedly
monitored (the SET), with an artificial marker horizon against which marsh vertical accretion is
measured (the MH) (33) (Fig 1). Prior to installation, a platform is usually constructed around
the monitoring site to minimise disturbance and compaction. In our network, two types of
benchmark rod were used: the “original” design consisting of a hollow aluminium tube (~ 7.5 cm
dia.) up to 8 m in length, and an “rSET” design, consisting of a stainless-steel rod (~ 1.5 cm dia.)
capable of insertion to greater depths (up to ~30 m). In both cases the base of the benchmark
rods serve as a fixed point against which marsh elevation change is measured. The portable SET
arm is attached to the benchmark at each visitation and nine replicate pins are lowered to the
marsh surface at four fixed bearings; measurements of the height of each pin above the portable
arm are taken at each visit. At commencement, replicate (3 to 4) marker horizons (feldspar, clay
or similar distinguishable material) were laid on the marsh surface within 0.25 m? square plots
adjacent to each SET, and these MH were subsequently buried by the accumulation of tidally-
borne sediments and in situ root growth. A shallow core is extracted and the depth of the marker
horizon in each replicate plot recorded at each visit. The difference between surface accretion, as
measured from cores extracted from the MH, and surface elevation change, as measured using
the SET, is a measure of shallow subsidence or expansion occurring between the bottom of the
marker horizon and base of the SET benchmark (33) (Fig 1). The SET pin measures have a
reported accuracy of 1.3-4.3mm under field conditions (34).

Our network consists of 477 SET-MH monitoring stations in tidal marshes installed using
common protocols in 97 locations and across four continents (North America, Australia, Europe,
Africa). From this network, changes in surface elevation and vertical accretion were determined
from repeated measurements at regular intervals across total record lengths ranging from 3.5 to
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20 yr (average 10.1 yr: Data S1). This allowed quantification of rates of surface elevation
change, and, where possible, vertical accretion at each site (see Section 8 below). The network
may be characterised on the basis of geographic and geomorphic context (Table S1): Group I
(Bay of Fundy Canada, UK east coast, Scheldt estuary Belgium) characterised by relatively
stable late Holocene sea-level, and all of which are by coincidence macrotidal. Group I,
consisting of regions experiencing consistent RSLR during the Holocene and includes the
Atlantic and North Pacific US coast. Group III experienced slow RSLR through the late
Holocene, and includes the Gulf of Mexico, southern California and the Mediterranean. These
are subdivided in Table 1 between large deltas (the Mississippi, USA and Ebro, Spain: Group
II1a) and lagoonal settings (Group IIIb). Group IV includes far-field locations subject to stable or
declining sea-level during the late Holocene and is represented by SE Australia and South
Africa.

Tidal marsh SET-MH stations were not included in analyses when the length of the
measurement record was short and potentially influenced by perturbations (minimum 3.5 yr),
were not intertidal, where marsh elevation in relation to the tidal frame was not known, or where
the SET-MH station was associated with a hydrological restoration initiative. Some sites had not
recorded accretion but were included in analyses of elevation change. Sites spanned macrotidal
settings (greater than 3 m tidal range: Bay of Fundy, Canada; Gulf of Maine, US; The Wash,
UK) to microtidal settings (less than 1 m tidal range: US Gulf Coast; Venice Lagoon) and were
distributed between coastlines subject to relatively rapid RSLR (>5 mm yr!; 122 SETSs), near
average global eustatic RSLR (2-5 mm yr!; 233 SETs), and low RSLR (<2 mm yr!; 122 SETs)
averaged for the past 50 yr.

3. Position in tidal frame, elevation capital and time to failure
We measured the elevation (Z) of each SET-MH station in relation to the local height datum

using either a real time kinematic GPS or differential GPS, and accessed mean high water
(MHW), mean low water (MLW) and mean sea level (MSL) data in relation to the local height
datum from the nearest tide gauge (Data S1; Table S3). We calculated tide range as the
difference between MHW and MLW. We described position within the tidal frame using
“dimensionless d” (8) (D; Equation 1), a metric increasingly used in the interpretation of
intertidal position (26)(35), and a a useful indicator of flooding duration (35).

_ (MHW - 2) (1)
~ (MHW — MLW)

The elevation of a marsh in relation to the lowest elevation at which the plant species can
survive has been termed “elevation capital” (36), and is useful for conceptualising the short-term
vulnerability of vegetation to drowning under RSLR. (217, 37). Vegetation growth range can be
normalised across sites of varying tidal range given the consistency of upper range limits in
relation to MHW and lower range limits in relation to MSL for tidal marshes. We used the
results of a global assessment of marsh lower limits (38) to relate lowest possible elevation to
tidal range (Equation 2), whereby marsh tidal flat border relative to mean high water (Pion, cm)
was described relative to mean tidal range (MTR).

P,, = —108.23 x log 10(MTR) + 163.21 2)
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Elevation capital (elevCapital) was calculated as the difference between marsh elevation
and the modelled marsh-tidal flat border (Pion). The time taken for marshes to submerge to a
point that emergent vegetation cover could not be sustained we call “time to failure”. This was
calculated as the elevation capital divided by the elevation deficit, the difference between
elevation and RSLR. We acknowledge the caveat that factors other than elevation may influence
the survival of marsh vegetation in the context of high rates of RSLR, including for example the
effect of topographic constraints on marsh drainage and hydroperiod (39), the influence of wave
fields on lateral erosion (40), and species specific variation in inundation tolerance. The results
are used for the purpose of broad-scale comparisons of vulnerability.

4. Relative sea-level rise

Contemporary rates of RSLR were obtained from the National Oceanic and Atmospheric
Administration (NOAA) (https://tidesandcurrents.noaa.gov/sltrends/sltrends.html), or local tide
gauges, as documented in Table S1. From the tide gauge data, we derived two measures of
RSLR. First, we calculated the 50-year linear trend, to facilitate comparisons of RSLR between
sites over a standard period. Second, we calculated the linear trend for the same period over
which SET-MH stations were measured at each location. This we termed the “contemporaneous
rate”. The contemporaneous rate was in most settings higher than the 50-year rate (Data S1), as
expected under accelerating RSLR(4/), but is likely to be more influenced by regional climate
drivers and the lunar nodal cycle(42) than the 50-year trend.

We also considered longer-term (centennial to millennial) rates of RSLR given the possible
influence of past sea-level history on upper marsh processes. Rates of local and regional RSL
change during the Holocene were primarily the result of glacio-isostatic adjustment (GIA), the
ongoing deformational, rotational and gravitational effects on the Earth in response to the
redistribution of ice and ocean loads that influences both eustatic and relative sea level. We use a
revised numerical simulation of glacio-isostatic adjustment (43), which adopts the ICE-6G global
ice reconstruction from the Last Glacial Maximum (LGM) to the present (44, 45). The GIA
calculations are based on a gravitationally self-consistent theory for computing patterns of sea
level. The model incorporates time-varying shorelines and the feedback of load-induced
perturbations to Earth’s rotation vector (46). The sea-level calculations were based on a
gravitationally self-consistent theory that assumes a spherically symmetric, self-gravitating,
Maxwell viscoelastic Earth model and adopts the ICE-6G global ice reconstruction (slightly
modified from (43)). The elastic and density components of the model were given by the
seismically inferred earth model PREM (47) and the Earth’s structure was characterised by three
parameters: the lithospheric thickness, L7, and upper and lower mantle viscosities denoted by
Vum and Viu, respectively.

We used an ensemble of 300 combinations of these rheological parameters in the Glacio-
Isostatic Adjustment (GIA) model to estimate RSL at 500-yr periods on a 512 x 260 global grid
(Data S1). The 300 combinations of parameters included L7 from 24 — 140 km, Vym from 0.3 —
2 x 10?! Pas, and Vim from 3 — 100 x 102! Pas, where each combination was assumed to be
equally likely. We linearly interpolated between grid and time points from these ensemble
members to predict rates of RSL change and the uncertainties for each site in this study. Rates of
historic change were calculated as a linear trend from 3000-0 BP (SLR3000 in Table S1; Data
S1).
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5. Background suspended sediment concentration (total suspended matter TSM)

A remote sensing product that estimates the dry weight of particles suspended in the coastal
water column (g m?) was compared to field measurements of vertical accretion, similar to
previous studies (5, 12, 21, 48). Data collected by MEdium Resolution Imaging Spectrometer
(MERIS) instrument (290-1040 nm) on the ENVISAT satellite, hosted by the European Space
Agency (ESA)(49) were processed and validated through the ESA’s GlobColour (downloadable
from http://hermes.acri.fr/). TSM data were level-3 processed at 4 km? resolution in Plate Carrée
projection. Data were binned monthly from January to December 2011 (the most recent year of
data available), and the mean monthly values were used to generate an annual average TSM
product. 85% of SET sites comprised 11-12 months of TSM data, 10% of sites comprised 9-10
months of TSM data, and 5% of sites comprised 8 months or less of TSM data. At the time of
extraction, data were available from 2002-2011, though a previous study has shown that spatial
variation in TSM shown in 2011 is representative of spatial variation across the entire time
period (21).

The open-source software BEAM VISAT was used to extract TSM data from the pixel
encompassing a SET site (78.4% of sites), or the closest pixel (21.6% of sites). For the latter, this
was generally the neighbouring pixel, though the farthest TSM pixels (Scheldt Estuary, Belgium)
were 6 pixels (24 km) away from the SET site. GlobColour TSM values are only indicative of
variations in TSM locally in the considered marsh sites and may poorly estimate the local-scale
resuspension and delivery of sediment in marsh environments, or pulse depositional events
associated with high magnitude episodic events.

6. Climate, vegetation, soil properties and geomorphic setting
Mean annual temperature and mean annual precipitation were sourced from the nearest
meteorological station, as documented in Table S3. Dry bulk density is the dry weight of both
organic and inorganic materials in a sample of known volume, and typically reported as g cm™3
(50). We measured the dry bulk density of the upper 10 cm, the section of profile most likely to
correspond to sediment accreted during the period of record. The percentage of organic matter
within this soil depth was measured for most SET-MH monitoring sites (n= 325). Dominant
vegetation was classified to genus level (Data S1), and clustered into the following categories by
growth form and habit:
e Spartina (Sporobolus) (most frequently the dominant genus)
e Short grasses and herbs. Sporobolus (Spartina), Distichlis, Salicornia, Sarcocornia, Poa,
Glaux, Borrichia, Puccinellia, Paspalum, Elymus, Impatiens
e Brackish rushes: Juncus, Schoenoplectus, Phragmites, Cladium, Scirpus, Carex,
o Saltbushes/shrubs: Atriplex, Tecticornia, and a stunted growth form of the mangrove
Avicennia

Sites were classified according to the geomorphic units using a typology that defines
estuarine settings on the basis of dominance of river, wave and tide energy (5/-53): barrier
estuarine (estuaries sheltered behind sand barriers along wave-dominated coastlines); riverine
estuarine (sites associated with river systems where fluvial sedimentation is building active
deltas); tidal estuarine (sites of meso-macro tidal range in which tidal deposition and erosion is a
dominant process); calcareous (sites associated with coral reef barriers); and marine embayment
(sites protected from oceanic waves by shoreline configuration but for which fluvial influence is
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minor). Dominant vegetation categories and geomorphic units were used as categorical
predictors in RandomForest classifications (see below).

7. Shoreline trend assessment and ratios of unvegetated to vegetated marsh (UVVR)

We used Google Earth Engine to locate the position of SET monitoring stations. The
monitoring stations were used as a fixed point in the landscape against which to assess shoreline
change. The distance between the SET monitoring station and the nearest vegetated shoreline
was measured over the period for which available historic imagery corresponded most closely to
the length of the SET record. For Australian sites, where mangroves frequently occupy the lower
intertidal zone, the distance to the closest contiguous mangrove stand was also measured.
Imagery was discarded if high water level or cloud cover obscured the platform or vegetated
shoreline. In some cases, georectification errors prevented meaningful comparison between
images. Results are shown in Table S1.

The ratio of unvegetated to vegetated marsh (UVVR) has been identified as a useful
indicator of marsh stability (29, 54). Stable marshes are presumed to be more likely to be
uniformly vegetated, and the UVVR can provide a snapshot of the status of a marsh on a
spectrum towards conversion to open water. A UVVR of <0.15 is characteristic of intact marshes
showing little deterioration (55). We calculated UVVR within a one-hectare perimeter of each
SET-MH monitoring station using the most recent imagery archived on Google Earth Engine.
We included open water in the assessment of UVVR.

8. Data Analysis
For each SET monitoring station, relative pin height was calculated by subtracting baseline

pin height from all subsequent measurements. Relative pin heights were averaged hierarchically
within each SET arm position and then across positions to integrate small-scale variation in
surface elevation. The rate of elevation change was then calculated as a linear regression pin
height against time. A similar approach was used to calculate accretion rates. Simple and
multiple linear regression analyses were used to test relationships among quantitative variables.
Generalized additive models (GAM) were used to test the relationship between subsidence and
accretion rate. Analysis of variance was used to compare the rate of accretion and surface
elevation gain between retreating and advancing marshes low and high in the tidal frame (D),
and soil organic carbon concentrations across groups defined in Table S1.

RandomForest (RF) classifications (56) were used to examine relationships among
accretion, surface elevation change, shoreline retreat, UVVR, and all other predictor variables
(Table S1). RF is a machine learning approach which operates by constructing thousands (n =
10,000) of small classification trees, results of which are then tallied across the entire forest. An
unbiased estimate of error is obtained at each step internally by using a different bootstrap
resample from the original data. Approximately 33% of observations were used to test each
classification’s performance as the out-of-bag error (OOB). Data compilation, analyses and
visualizations were undertaken in R (version 4.0.2 (57)) using tidyr (58), randomForest (59) and
viridis (58) packages. Three outliers cropped from Fig 3 were included in the analyses.

To estimate the probability of a deficit between elevation gain and RSLR, we follow ref
(13) by converting the deficits to binary response variables (positive deficit = 1, negative = 0,
and stable (within +/- 1 mm deficit) randomly assigned to 1 or 0). We summarize the probability
of a deficit by modelling their relationship with contemporaneous rates of RSLR in a Bayesian
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framework. We find that when rates of RSLR are > 6.0 mm yr!, the probability of a positive
elevation deficit increases to ~90% (95% uncertainty interval (UI): 86.8% to 95.5%), making

10

15

20

25

30

tidal marshes vulnerable to drowning.

21



10

Submitted Manuscript: Confidential
Template revised February 2021

>

o -
n o©o
-
o -
o
e
© & e o
“”0.
B
°
.
=,
““ 5
o) o
EREUT T
“we -
dw !
.“Nl

e
o

00 25 50 75 00 25 50 75
RSLR 50 year trend, mm/y

w

minerogenic organic

[]
SLR50 ? 6
75 ¢ % 0 o
5.0 v g0 Pol e
T N
- o ®

—
o

Shallow subsidence, mm/y  Accretion rate, mm/y, log  Accretion rate, mm/y, log
o
: n

004, 0.0 ' ' “F =009 L ’;2=ol.21 " ' '
-3 -2 -1 0 1 -3 -2 -1 0 1
Tidal position (D)
Cc
minerogenic organic
301 ®
20 o _— ° ..3
101 o / P :
0] «o-pmae ot s =020 || o .
® “Vvee rF=0.36
=101, L) . . ; .
0.0 0.5 1.0 0.0 0.5 1.0
D Accretion rate, mm/y, log
> minerogenic organic
E 301 ® 0-50
£ ® 50-100
£ 201 R
g 10 ' i e0
.§_ 0 Bia e ‘.cb.)l o " .
© -
3 -101, LB : : : - :
L 0.0 2.5 5.0 7.5 0.0 2.5 5.0 7.5

RSLR 50 year trend, mm/y

Fig S1: Marsh vulnerability in minerogenic and organic settings. The relationships between
accretion and RSLR (A), and with increasing depth in the tidal frame (B), and the rate of shallow
marsh subsidence and vertical accretion (C), suppressing elevation adjustment to RSLR (D) as in
Fig 3 but separated for minerogenic and organic marsh settings. In panels (B) and (C) points are
coloured for the 50-year RSLR trend in mm yr!, and in (D) for estimated time to failure (yr)
under the elevation deficit against the 50-yr RSLR trend (20).
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Accretion variance explained 67%

SLR50 A

RSLR period of measurement A
SLR3000

Marsh elevation 4

Max temperature

|

|

|

|

|

Bulk densityq |
D9 | ]

L

|

[

[

Distance to shoreline

Elevation capital 4

Tidal range 4

Geomorphic setting -
Rainfall 4

Total suspended matter A

Soil organic matter -
Vegetation category

0 25 50 75 100
Variable importance, %

5
Fig S2: The relative importance of variables contributing to accretion model based on Random
Forests analyses; total percentage of variation explained by the model is included in the plot title.
Variable importance shows the mean increase in mean standard error (MSE) that variable
contributes divided by its variability, it is thus possible to obtain MSE increase > 100% (e.g., as
10 with Cohen’s d) and this variable importance is not equivalent to R2. Colour is used to highlight

the predictors of increasing importance from light to dark. Top 15 predictors are shown.

Variables used as explained in Table S1 (from Data S1).
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Fig S3.

The relative importance of variables contributing to models of marsh surface elevation and
subsidence at global scales, based on Random Forests analyses. The total percentage of variation

explained by the model is included in plot title. Variables used as explained in Table S1 (from

15 Data S1).
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Fig S5

Two SET-MH stations subject to erosion during the measurement period, illustrating the short-
term increase in elevation gain prior to failure. The parallel planks of the SET platforms are
visible. Data retrieved from the Coastal Information Management System (CIMS) database
(http://cims.coastal.louisiana.gov) with images from Google Earth: CRMS 347 (29.16397N;
90.69962W) and CRMS 302 (29.14783N; 90.91699W).
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The relative importance of variables contributing to models of percent organic matter (a) and soil
bulk density (b) at the global scale, based on Random Forests analyses. The total percentage of

variation explained by the model is included in plot title. The proportional contribution of
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organic matter to accreting sediment is inversely related to bulk density (c). An decrease in bulk

density is associated with sites subject to an historic (0-3000 year) rising sea-level trend.

Table S1.

Indicators of regional saltmarsh vulnerability to sea-level rise. Values are means of the number
of sites (n) with standard deviation in parentheses. UV VR is the Unvegetated: Vegetated ratio.

Local Relative Sea Level Rise (RSLR) is calculated for the previous 3000 years using Glacio-
isostatic adjustment modelling; and for 50 years prior to 2021 (RSLR 0-50) and for the period
contemporaneous with site SET-MH measurements (RSLR SET period) using tide gauges.
Group I (Bay of Fundy Canada, UK east coast, Scheldt estuary Belgium). Group II, late
Holocene RSLR including Atlantic and North Pacific US coast. Group III: slow late Holocene
RSLR including the Gulf of Mexico, southern California and the Mediterranean (large deltas
Group IIIA, lagoonal Group IIIB). Group IV SE Australia and South Africa.

a: Pressure variables

Group (n) Elevation above = Tide range = RSLR RSLR RSLR Total
lower limit (cm)  (m) 0-3000 0-50 Contemp. Suspended
(mm yr') (mm yr') (mm yrt) Matter
(mg 1)
1(50) 180.9 (61.7) 4.31(2.55) 0.44(0.56) 1.93(0.6) 3.05 (4.49) 12.5(10.4)
I (117) 26.9 (43.2) 1.5 (1.20) 0.88 (1.03) | 3.88(1.15) 4.76 (3.15) 6.3 (6.7)
IIIa (94) 7.9 (20.5) 0.54(0.24)  0.56(0.44) | 6.15(4.38) 8.8(7.9) 7.9 (4.6)
IIIb (144) 24.6 (34.9) 1.04 (0.37)  0.92(0.60) | 3.67(2.00) @ 10.44(7.03) | 10.0(8.0)
IV (72) 92.7 (35.5) 1.41(0.43)  -0.39(0.06) 1.84(0.89) @ 3.00(0.95) 4.3 (3.8)
b. Response variables
Group Sediment  Dry Bulk  Sediment = Subsidence Elevation Elevation = Shoreline UVVR
0 . Densit Accretion ( ™ gain Deficit trend
reanie Y (mmyry Y (mmyr')  (mmyr') (myr')
Matter g/cms
%
| 14.1(6.5) 0.53 49@4.1) | 1.24.6) 2.8(3.2) 03@&7) | 0.56(1.96) 0.14 (0.08)
(0.18)
1I 42.7 0.28 392.1) L1277 29(2.6) 1845 | -031(039) 0.22(0.2)
(19.5) (0.19)
IITa 25.2 0.37 9.8(6.3) 5.109.0 49(5.8) 3.8(7.7) | -0.13(0.32)  0.32(0.22)
(12.6) 0.27)
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Mb 325 0.40 50(3.5) 23(3.8)  27(32) 77(7.6) -034(0.62) | 0.23(0.23)
(17.6) (0.23)

v 15.2 0.89 19(1.0) 10(L.1)  08(21) 22(2.5) -0.01(0.42) 0.10(0.15)
(11.2) (0.39)
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Identifiers and Variables used in the analysis (Data S1).

site.SET.identifier
Network
Country
site.label
Latitude
longitude
SLR.Zone
startDate
endDate
Years
accretion
elevation.rate
Subsidence
R2.SET
SLR50

RSLR.contemporaneous

SLR3000
MHW

MLW

MSL
tidal.range
marshElevation
D
posTidalFrame

elevCapital

Unique SET station ID used for linking all other data

Geographic clusters of SETs

Country within which SET is situated

Site name for SET or replicate SETs

Decimal degrees

Decimal degrees

Location in relation to millennial-scale RSLR history

Initial SET reading

Final SET reading

Time record for the SET readings (yr)

Rate of accretion above the feldspar horizon (mm yr!)

Rate of elevation gain from the SET record (mm yr!)

accretion -elevation.rate

R? of the linear trend in elevation through time

Local sea-level trend derived from nearest tide gauge: 0-50BP linear
trend (mm yr!)

RSLR for each site for the period of SET measurement. Linear trend

(mm yr')

Sea level trend 0 - 3000 BP (from Glacio-isostatic modelling) (mm yr!)

Mean High Water: datum consistent with marsh elevation (m)

Mean Low Water: datum consistent with marsh elevation (m)

Mean Sea Level: datum consistent with marsh elevation (m)
Difference between MHW and MLW (m)

Elevation of the SET in relation to local datum (m)

Dimensionless D, see (20) for equation

Elevation in relation to the difference between MHW and MLW (m)

Elevation of SET in relation to modelled lowest marsh limits (cm)
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elevDeficit

lowMarshLim
lowMarshLimHeightDatum
bulkDensity

Organic matter

maxTemp

Rainfall

TSM.2011

TSM.2011 STDEV
Dominant.vegetation
Spartina

shortGrassesHerbs

brackishRushes

saltbushes
category

Geomorphic.setting

Shore.rate
Shore.R2
Shore.Dist
UVVR
TimeToFailure50

Retreat.Failure

Submitted Manuscript: Confidential
Template revised February 2021

Elevation Deficit, defined as RSLR period of measure minus elevation
rate. (mm yr'!)

Modelled low marsh limit below MHW

Modelled low marsh limit below local height datum

Bulk density of the upper 10 cm (dry, g cm™)

Organic matter in the upper 10cm by weight (%)

Average daily maximum temperature (°C)

Average annual rainfall (mm)

MERIS-derived total suspended matter -average

MERIS-derived total suspended matter -standard deviation

Dominant genus at the SET-MH installation

Spartina dominant, binary

dominated by short grasses and herbs (Sporobolus/Spartina, Distichlis,
Salicornia, Sarcocornia, Poa, Glaux, Borrichia, Puccinellia, Paspalum,
Elymus, Impatiens), binary

dominated by brackish rushes (Juncus, Schoenoplectus, Phragmites,
Cladium, Scirpus, Carex)

dominated by saltbushes or shrubs (Atriplex, Tecticornia, Avicennia)
Vegetation structural category

River deltaic, Tide Dominant, barrierLagoon, Barrier estuary,
Embayment, Drowned River Valley

rate of shoreline retreat m yr!

R? of shoreline rate of change

distance to shoreline (m)

unvegetated-to-vegetated ratio

Projected time to marsh failure at current 50-year RLSR trend

Projected time to SET erosion at current rates of lateral retreat
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Sources of meteorological and sea-level data included in Data S1

Region

United States

United

Kingdom

Canada

Spain

Australia

South Africa

Climate Data

https://www.ncdc.noaa.

gov/cdo-

web/datatools/normals

https://www.metoffice.
gov.uk/research/climat
e/maps-and-data/uk-

climate-averages

https://climate.weather.

ge.ca/climate _normals/

https://en.climate-
data.org/europe/spain/c
atalonia/deltebre-
768271/

http://www.bom.gov.au

/climate/data/index

Tidal Data

https://tidesandcurrents.noaa.gov/map/index.ht

ml?type=TidePredictions&region=

https://www.ntslf.org/data/uk-network-real-

time

https://protect-
au.mimecast.com/s/4wJnCESwIRCKAKNMS

NvEdI?domain=meds-sdmm.dfo-mpo.gc.ca

New South Wales: https://s3-ap-southeast-

2.amazonaws.com/www-

data.manly.hydraulics.works/www/publication

s/TideCharts/2020TideCharts.pdf;

Reference(62)

Victoria: https://vrca.vic.gov.au/wp-
content/uploads/2020/02/Tides-Tables-2020-
web.pdf

References(63) (64)
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RSL

https://tidesandcurrents.noaa.go

v/sltrends/sltrends.html

http://www.star.nesdis.noaa.gov

/sod/Isa/SealevelRise/

https://tidesandcurrents.noaa.go

v/sltrends/sltrends.html

http://www.star.nesdis.noaa.gov

/sod/Isa/SealevelRise/

https://tidesandcurrents.noaa.go

v/sltrends/sltrends.html

http://www.star.nesdis.noaa.gov

/sod/Isa/SealevelRise/

https://tidesandcurrents.noaa.go

v/sltrends/sltrends.html

Reference(61)

http://www.star.nesdis.noaa.gov

/sod/Isa/SealevelRise/

https://tidesandcurrents.noaa.go

v/sltrends/sltrends.html

http://www.bom.gov.au/oceano

graphy/projects/abslmp/data/mo

nthly.shtml (Port Kembla, Stony

Point
http://www.star.nesdis.noaa.gov

/sod/Isa/SealevelRise/

https://tidesandcurrents.noaa.go

v/sltrends/sltrends.html

http://www.star.nesdis.noaa.gov

/sod/Isa/SealevelRise/




Submitted Manuscript: Confidential
Template revised February 2021

Table S4.

Rates of elevation gain (mm yr!') and accretion (mm yr!) in relation to position in tidal frame
and shoreline trends; standard deviation in parentheses. Statistical comparisons, separate for
accretion and elevation, are based on the ANOVA with four levels of factor combinations (two
levels of “dimensionless D” (§) and two levels of shoreline trend, retreating vs. advancing) with

Tukey post-hoc comparisons.

Global Low Marsh (D>0) High Marsh (D<0)
average
Advance Stable Retreat Advance Stable Retreat
Elevation  2.92(3.80) 2.94 3.96 5.04 1.95 2.47 1.15
(2.98)® (4.83)° (4.11)° (2.84) (3.11)® (1.92)?
Accretion  5.33(4.58) 6.42 7.76 8.75 2.82 3.15 3.37

(3.69) (5.49) (6.47) (2.35)? (1932 (2.76)?
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Median projected time to failure at SET-MH stations, calculated as the time taken to reach

minimum survival elevation under the current (contemporaneous) elevation deficit (elevation

failure), and the time taken to erode the wetland surface at the SET-MH station under current

rates of retreat (retreat failure). Retreat rate is extrapolated from current rates and does not model

changes to open water fetch, likely to be an important determinant would be influenced by open

water fetch(65). Note that the median projected survival time is lower under higher rates of

elevation gain. SET-MH stations with >7mm yr'! elevation gain are immediately adjacent to

retreating shorelines, suggesting the formation of an incipient, temporary levee bank.

Surface Elevation rate | n

of change

(mm yr')

>7 58
3.5-7 122
1.5-3.5 119
0-1.5 115
<0 63

Distance to

shore (m)

22.7(29.6)
121.8 (376.8)
124.3 (221.2)
192.2 (348.1)
354.7 (1070.2)

34

Elevation
failure (median

years)

2.5
62
127.9
130.8
99.3

Retreat failure

(median years)

74.1
127.4
623.7
>1000
>1000
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Data S1. (separate file)
SET-MH elevation change, accretion and ancillary data.
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