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Lower threshold for marsh drowning suggests loss of microti-
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Salt marshes are simultaneously among the most valuable and vulnerable ecosystems in the world.
We use a simplified formulation for sediment transport across marshes to explain why marshes are
most vulnerable to sea level rise (SLR) in microtidal environments. We find inorganic sediment de-
cay length scales with tidal range so that inorganic deposition is very low in the interior of microti-
dal marshes regardless of the suspended sediment concentration at marsh edge. We also find that
drowning of interior marshes eventually leads to a runaway marsh loss due to the approximate scale
invariance of inorganic deposition. Thus, organic accretion rather than inorganic accretion is the key
factor determining microtidal marsh survival. In fact, because in many locations the rate of SLR is
close to or exceeds a theoretical maximum organic accretion rate for tidal salt marshes, our results

suggest impending drowning of global microtidal marshes regardless of local sediment supply.

Salt marshes adapt to sea level rise by accumulating organic matter and by inorganic accretion. The natural
limit of these processes defines a threshold rate of SLR beyond which marshes drown. There is a growing
consensus that marsh vulnerability to SLR is tied to inorganic sediment availability ', where deposition of
inorganic sediment increases with flooding duration, and potentially offsets sea level rise. Indeed, inorganic

deposition rates have accelerated over the last century concomitant with sea level rise (SLR) > and historic
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marsh loss has been observed mostly in sediment-poor systems "*® and microtidal marshes °. Modeled
threshold rates of sea level rise for marsh drowning, using simplified point (0-D) models, increase by 2

10.11 " However,

orders of magnitude as a function of suspended sediment concentration and tidal range
a contrasting body of work emphasizes the importance of organic matter accumulation in building marsh
soils in the face of sea level rise, especially in the sediment deficient estuaries most vulnerable to sea level
rise 1% 12715 Total marsh accretion rates are more strongly correlated with the organic fraction of marsh soil
than the inorganic fraction '2, organic matter contributes 4 times more soil volume than an equivalent mass

of inorganic sediment '%, and organic matter represents the majority of marsh accretion by volume in many

Atlantic and Gulf Coast marshes 2714,

Competing ideas about the relative importance of organic and inorganic accretion likely reflect strong spa-

16-18

tial gradients within marshes . Inorganic accretion increases with suspended sediment concentration

19-23 and in

and flooding depth, and decreases with distance to tidal channels, as reported both in the field
models 682327 Organic accretion is influenced by the production and decomposition of plant biomass,
both of which vary spatially across marshes in response to flooding depth as well as other factors. More-
over, vegetation itself enhances inorganic sediment deposition so that organic and inorganic contributions

are thoroughly intertwined 2%%°.

These gradients lead to complex patterns of marsh accretion and sub-
mergence that are sometimes difficult to explain. For example, marshes along the Blackwater River (MD,
USA) are rapidly submerging despite having a larger sediment supply, characterized by the suspended sed-
iment concentrations measured in channels, than in nearby stable marshland*”3!. Elsewhere, marshes are

submerging despite measured accretion rates that are similar to or exceed sea level rise>3!32

, which sug-
gests measurements take place mostly along marsh edges, where maximum accretion rates are generally

observed.

This complexity leads to the simple question: where in a marsh should organic and inorganic contributions
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to marsh accretion be characterized to best evaluate marsh vulnerability to sea level rise? Measurements
from high elevation portions of a marsh potentially underestimate future marsh accretion because inorganic
accretion rates may accelerate with increased flooding duration 2. However, if low elevation marshes are
also closest to channels, then accretion rates from low elevation portions of the marsh would overesti-
mate accretion to the marsh as a whole, and lead to an underestimation of marsh vulnerability to sea level

rise.

17 is that marsh drowning is not described by a

A third possibility, suggested by numerical simulations
single threshold but is instead a gradual process where different portions of the marsh platform drown at
different rates of SLR. Contrary to this, here we show that runaway marsh drowning can indeed be de-
scribed by a well defined threshold rate of SLR. Once this threshold is crossed, there is no equilibrium for
a marsh platform which then starts to degrade progressively. Successive increments of the rate of SLR only
change the rate of marsh loss. This result is based on a new analytical model for inorganic sedimentation
and theoretical considerations supported by simulations and field observations. The analytical model pre-

dicts spatial gradients in inorganic accretion rates without the need for spatially explicit hydrodynamic and

sediment transport models and reproduces the main features of an equilibrium marsh platform.

Results and Discussion

Critical depth for marsh recovery. The current understanding of the onset of marsh loss is that it takes
place whenever marsh depth relative to mean high water is higher than a critical value D, above which
marshes are replaced by tidal flats as the more stable morphology **. Indeed, field data suggests marsh
conversion to tidal flats starts at a critical depth D, around 35% of the tidal range dz (corresponding to an
average rescaled inundation time 7, = 7! arccos (1 — 2D../6z) of about 40%, Fig. 1 and Methods) *-3¢,

Therefore, a general condition for the onset of marsh drowning is when the relative rate 12 of sea level rise
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exceeds the sum of the organic (AS) and inorganic (A$) accretion rates evaluated at the critical depth D,
(Fig. 1a). Because of the spatial variation of inorganic deposition, the lowest inorganic accretion rate at the

critical depth thus defines the lowest threshold for marsh drowning.

Exponential decay of the inorganic accretion rate. In order to derive a general expression for the lowest
threshold for marsh drowning we start with a minimal sediment transport model that captures the central
physics of the phenomena (see Methods and Supplementary Figs. S1 & S2). Accordingly, we calculate
the inorganic accretion rate A; across a hypothetical marsh platform of depth D using a one-dimensional
formulation for the mass conservation of water and inorganic sediments *2°-2%37-% ' Ag inorganic sediments
in the water column settle on the marsh surface, where erosion is assumed to be negligible %, A;(z, D)
decays with the distance x from the channel or tidal flat (Fig. 2). The inorganic accretion rate reaches its
lowest value at the location furthest away—a distance L—from marsh edges (Fig. 2a), defined in the model
as the watershed divide (see Methods). This decay can be well approximated by an exponential function (as

proposed by 2* and observed by 2!'), with decay length L.,
Ai(z, D) = A;(0, D)e*/te (1)

where A;(0, D) oc p; 'Cows(D) is the accretion rate at the channel bank or marsh edge (see Methods
for the proportionality factor), C; is the average suspended sediment concentration at the channel bank or
marsh edge during flood, p; is the effective density of inorganic sediments deposited on the marsh, wy is
the effective sediment settling velocity and 7(D) = 7! arccos (1 — 2D /§z) is the rescaled inundation time
at marsh depth D. Neglecting spatial changes in the effective sediment falling velocity wy, the predicted
inorganic accretion rate at the marsh edge A;(0, D) is mostly controlled by the sediment concentration C

and the rescaled inundation time, as expected from mass conservation.

The exponential approximation (Eq. 1) is valid everywhere except in the region around the watershed divide,
where tidal flow stops and the simulated accretion rates converge to zero (Methods, Fig. 2). In reality,

4
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complex tidal flows may lead to residual accretion rates in the marsh interior (e.g. *°), in which case the
exponential approximation provides an upper limit to evaluate the resiliency of drowning marshes. This is
confirmed by a comparison to empirical data. The exponential decay correctly predicts the spatial gradient
in inorganic accretion for a wide variety of North American and European salt marshes '°!-2340 (Fig. 3 and
Supplementary Fig. S3). In particular, empirical accretion rates in the marsh interior are either similar to or

lower than the exponential approximation.

Scaling of the decay length of inorganic sedimentation. The spatial decay of inorganic accretion—and
thus the difference between the upper and lower thresholds for marsh loss in the marsh edge and marsh
interior, respectively—is controlled by the decay length L.. This length scales as the ratio of the tidal
discharge per unit width and the effective sediment settling velocity wy, in agreement with the scaling of
the deposition length in unidirectional turbulent suspensions *' (Methods). Tidal discharge per unit width
scales as Loz/T (Methods), where ¢z is the tidal range, T is the tidal period and L is the characteristic

length of the local drainage basin. Thus, the decay length has the form
L.= BLéz/(Twy), (2)

with fitting parameter 5 ~ 1.5, in agreement with both numerical simulations and analytical approximations
(Methods and Fig. 2b). The scaling of L. with the tidal range 6z means that suspended sediments deposit
closer to channels (or tidal flats) at lower tidal ranges, whereas they are more homogeneously distributed at
higher tidal ranges. This is consistent with the trend observed in field measurements (Fig. 3), in particular
the contrast between the almost homogeneous inorganic accretion in the Bay of Fundy, CA % (62 = 11m),

and the noticeable decay observed in Phillips Creek, US 2 (§z = 1.4m).

The scaling of L. with L in Eq. 2 follows from the approximate scale invariance of tidal flows, i.e. faster

37 This scale invariance, where sediments

flows—and increasing sediment advection—on larger basins
are deposited farther away from the channels in large basins as compared to small ones (Fig. 4), has one

5



113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

EarthArXiv preprint under review in One Earth

important implication: the lowest inorganic accretion rate at the critical depth for marsh conversion to
tidal flats, AS(L) = A;(L,D,) = A$(0)e */<, does not depend on drainage basin size L and can be
evaluated without the need of spatially-explicit hydrodynamic models +2>27:3%42 Indeed, after substituting

the scaling for the decay length we get:
AS(L) = A(0)e 717, 3)

where w;f = w;T/§z is the rescaled effective falling velocity and A$(0) oc p; ' Cow;T, is the critical
accretion rate at the channel bank or marsh edge (see Methods for the proportionality factor). In what
follows, we use the watershed divide as a formal definition of the marsh interior. Furthermore, for simplicity
we will refer to A§, = A§(L) and Af_ = A7(0) as the critical inorganic accretion rates in the marsh interior

and marsh edge, respectively.

Effect of tidal range on critical marsh accretion. An important consequence of the physical mechanisms
driving sediment redistribution across the marsh platform, as summarized in Eq. 3, is that the predicted
critical inorganic accretion rate in the marsh interior A, = Af(L) strongly depends on the tidal range
(Fig. 5). For typical values of the parameters (see Methods), Af; becomes negligible for tidal ranges dz <
1m, regardless of the sediment supply (Fig. 5), in stark contrast to the maximum inorganic accretion rate at
the marsh edge (Fig. 5a). More generally, for most microtidal marshes (0z < 1.5m) the predicted critical
accretion rate in the marsh interior (Ag;) is well below the global mean SLR rate of 3.5 mm/yr (Fig. 5b) and

organic accretion becomes crucial for marsh survival.

This explains the apparent contradiction of Blackwater marshes (Figs. 5b), where a relatively high sediment

supply into the marsh does not prevent drowning 3*:3!

. With a tidal range < 0.5m, inorganic accretion is
irrelevant for the vast majority of the marsh platform. Thus, it is enough for the local rate of SLR to be
higher than the organic accretion rate to induce widespread drowning (as indeed seems to be the case *).

The predicted low inorganic deposition in the marsh interior also agrees with the predominantly organic

6
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composition of sediments found in many marshes with tidal range < 1m (e.g. Blackwater, MD **; Gulf of

Mexico '?).

We obtain predictions for the critical marsh accretion rates at the marsh edge and marsh interior, A7 + Af,
and Aj + A7, respectively, using a theoretical estimation of the maximum contribution of organic accretion
for salt marshes ! (A¢ ~ 3mm/yr). This value is consistent with accretion rate data of Mid-Atlantic US
salt marshes and falls within a broader range of direct and indirect estimations of organic accretion rates
of marshes elsewhere (Fig. 6 and Methods). For a characteristic value of the average suspended sediment
concentration at the channel bank or marsh edge *, Cy = 50g/m?, the predicted range of critical marsh
accretion rates is in general agreement with reported values of accretion rates for global marshes * (Fig. 7).
We expect most data corresponding to healthy marshes to fall below our prediction for interior marshes
as by definition healthy marshes have elevations above the critical value for marsh drowning. Note that a
more precise comparison with measured rates will require the distance of the measured point to the nearest

sediment source and the average suspended sediment concentration at the marsh edge.

Threshold for marsh drowning. The critical marsh accretion rate in the marsh interior (A; + Af),), in
contrast to the much higher rate at the marsh edge, defines the lowest threshold rate of SLR for marsh
drowning. The scale invariance of spatial sediment deposition patterns implies that interior marsh loss
around the watershed divide will propagate with time, and lead to runaway marsh loss even if the channel
network expands, as shown by one-dimensional simulations (Methods, Fig. 8a). In submerging marshes,

interior marshes drown and convert to ponds !7-26:3234.36.45

, which tend to expand until they connect to the
channel network usually via the formation of a new small channel *>%°, thereby increasing channel density.
Although there are more channels (or connected ponds) to potentially redistribute sediments into the marsh

platform, the sediment will be deposited closer to the banks as water flow slows down in the now smaller

basins, which could explain the lack of impact of increased channel density on marsh accretion rates in
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Louisiana “°. As a result, the drowning threshold will be crossed around the watershed divide of the new
system, leading to marsh drowning at smaller scales (Fig. 8a). With time, local marsh failure propagates
from large to small scales following the adjustment of the channel network and tidal flows to an increase
in open water area, until most of the marsh is lost. This helps explain the self-similar pattern of marsh loss
found in rapidly submerging marshes such as in Louisiana and Blackwater, MD (Fig. 8b,c), where drowning
begins near the watershed divide and propagates towards the channels *°. Note that this pattern disappears

in the absence of connected ponds when a new stable marsh equilibrium is reached (Fig. 8d).

This drowning mechanism only requires that connected ponds decrease the size of local drainage basins,
regardless of whether they deliver sediment to the marsh platform or not. In the best case scenario depicted
in Fig. 8a, connected ponds redistribute inorganic sediment as effective as large channels or mud flats,
which is not the case in reality. In fact, any decrease in sediment delivered by connected ponds leads to

lower inorganic accretion rates on the surrounding marshes, thereby accelerating marsh drowning.

Vulnerability to sea level rise. Similarly to the trend of inorganic accretion rates with tidal range (Fig. 5),

the predicted threshold rate of SLR for marsh drowning (A + A

1,17

Fig. 9) shows a fundamental vulnerability
for most microtidal marshes (0z < 1.5m) as inorganic accretion is too low for them to survive current values
of SLR rates without organic accretion contribution. Again, this vulnerability is highest for marshes with
tidal ranges < 1m, where inorganic accretion in marsh interior is negligible and the threshold SLR rate
seems to be completely determined by organic accretion. In fact, because the survival of microtidal marshes
(02 < 1.5m) mostly depends on organic accretion, we should expect widespread drowning once the rate
of SLR crosses the threshold defined by the maximum organic accretion rate. While organic accretion is a
complex function of several factors, such as plant species, water salinity, flooding frequency, water and soil

14

temperature and composition %14, a meta-analysis of field data reveals organic accretion rates are in the range

of 3.0 & 2mm/yr (Fig. 6), which happens to be in the range of SLR rates measured on many global marshes:
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3.5 £ 1.bmm/yr. Therefore, it seems we currently are at the tipping point for widespread drowning of
global microtidal salt marshes regardless of the local inorganic sediment supply (Fig. 9). Indeed, the model
correctly predicts the drowning of Blackwater marshes and also suggests marshes in Venice, the Virginia

Eastern Shore (e.g. Phillips Creek) and Plum Island, MA, are particularly vulnerable (Fig. 9).

Conclusion

Although marsh vulnerability has been traditionally tied to inorganic sediment availability, we find con-
sistently low inorganic accretion in the interior of most microtidal marshes (< 3.5mm/yr, about five times
lower than existing predictions, e.g. '®!7:26) where the threshold for marsh drowning is then defined by
organic accretion. Crossing this lower threshold in the marsh interior eventually leads to runaway marsh
loss induced by the (approximate) scale invariance of sediment deposition. Furthermore, as the current
range of SLR rates happens to be very close to the range of organic accretion rates, our result suggests we
are at a tipping point for widespread drowning of microtidal salt marshes. We thus provide a mechanistic
explanation for the widely observed fragility of microtidal marshes ° and show this vulnerability is intrinsic
and tied to the dominant role of organic accretion. In this context, factors altering biomass productivity,

8,9,17,47

such as eutrophication, elevated C'O and climate warming , could decide the mid-term response of

global microtidal marshes.

Methods

Critical depth for marsh recovery. Measurements of inundation times or marsh depth at either the limit

34,36 33,35,48

of marsh recovery or the transition from marshes to tidal flats are consistent with a rescaled
inundation time 7. = 0.4, and thus a rescaled critical depth D../dz = 0.35 = 0.5(1 — cos (77.)) for marsh
drowning. The reported data is: D./6z = 0.38 £ 0.05 for Plum Island, MA %; D./§z = 0.35 4 0.07 for

Venice, Italy 3>*; D,/6z = 0.23 4= 0.06 for regions of the Scheldt estuary, NL *%; 7. = 0.42 + 0.05 for
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Hallegat and Paulina marshes, NL 3%,

Minimal model of inorganic sedimentation. We consider one-dimensional depth-integrated mass conser-
vation equations for tidal water discharge per unit width )(x,t) and depth-averaged suspended sediment
concentration C'(x, t) over a flat marsh surface with elevation Z relative to mean sea level (MSL). Assuming,
(i) a quasi-static tidal propagation with average water elevation (relative to MSL) 7(t) = dz/2 cos(2nt/T)
with tidal range 6z and period 7, (ii) no net sediment erosion, and (iii) negligible lateral diffusion, the

conservation of suspended sediments reads *2-26:37-3%;

O,(HC) + 0,(QC) = —w;C )

where x is the flow direction, H(t) = n(t) — Z is water depth and wy is an effective sediment falling
velocity. () is obtained from the continuity equation 0,() = —0;n assuming no water flux (Q(L,t) = 0) at
the watershed divide z = L: Q(x,t) = 9 (L — ) = —02LT wsin (2nt/T) (1 — z/L). Q thus scales
as 0zL/T. Equation 4 is solved during positive water depths (H (¢) > 0) using two boundary conditions, a
constant suspended sediment concentration (C'(0,¢) = Cp) at the channel bank (x = 0) during flood (¢ < 0)
and no sediment crossing the watershed divide (C(L,t) = 0) during ebb (¢ > 0). Using rescaled time
(tt =t/T) and distance (z™ = /L), the rescaled concentration C'(x™*,t")/Cj for a given marsh elevation
Z is only function of one dimensionless number: the rescaled effective falling velocity w;f = w;T/éz

(Fig. S1).

Analytical approximation. A further simplification is obtained by averaging Eq. 4 over times of positive
water depths in a tidal cycle,

2,QC = —w;C 6))

where the bar denotes averaged quantities. Using the numerical solution of Eq. 4, we find that the mean
sediment flux per unit width (QC) decreases linearly with the mean suspended sediment concentration (C)
in the range 2/ L < 0.6, and can be approximated as QC = 36zLT~'C + [3,, with fitting constants 3 = 1.5

10
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and [, (Fig. S2). Thus, Eq. 5 can be approximated as
8 L9,C = —wfC (6)
with boundary condition C'(0) = Cor(wy), where the fitting function
rlwf) =1+ 1 +wf)™'] /2 (7)
represents the effect of sediment inertia in the temporal decrease of suspended sediments during ebb flows.

Mean suspended sediment concentration and decay length. The solution of Eq. 6 is the exponen-
tial

C(x) = Cor(w}) exp (—x/Le) 8)

with decay length L. = L /w} = SLoz/(Twy).

Scaling of decay length in turbulent suspensions vs. tidal flows. In unidirectional turbulent suspensions
! the decay or deposition length scales as L. o« HU /w 7 o< Q/wy, where H is the flow depth, U is the
(constant) flow velocity, wy is the falling velocity and () oc UH is the water discharge per unit width.
In tidal flows, the decay length has the same scaling with the ratio () /w; but now ) o 0zL/T" and thus

L. x Q/wy o< Léz/(Twy).

Inorganic accretion rate. The inorganic accretion rate averaged over a tidal cycle for a marsh depth D =
§2/2 — Z (relative to mean high water level (MHW)) is defined as A;(x, D) = p; 'w; 7(D) C(z), where
pi is the density of inorganic sediments deposited in the marsh and 7(D) = 7 'arccos (1 — 2D/dz) is
the rescaled inundation time (fraction of time below water). Using Eq. 8, A;(x, D) can be approximated
as

Ai('ra D) %AZ(OJD) eXp (_‘r/LC) )
where the accretion rate at the marsh edge is A;(0, D) = p; 'Cowy T(’LU?)T(D).

11



241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

EarthArXiv preprint under review in One Earth

Inorganic accretion rate at D.. At the critical depth (D. = 0.352) for marsh drowning, the critical

inorganic accretion rates A§(r) = A;(x, D) at the marsh edge (A7) and marsh interior (Af ;) become:

iﬂ

i,e

As, = A50) = p; ' Cowys r(wf)Te (10)

A, = A{(L) = Af exp (—wj/B). (11)

where 7, = 7(D,.) = 0.4 is the rescaled inundation time at the critical depth and the function r(w} ) is given

in Eq. 7.

Simplified one-dimensional model of marsh drowning. We assume three possible responses of the bed
or marsh elevation Z(z,t) to sea level rise depending on the critical elevation Z. and an arbitrary lower

elevation Z;:
(

Ai(x, Z;t)+ A, — R for 7 > Z,

WZ =9 _R for Z, < 7 < 7, (12)

0 for Z < Z;

Above the critical elevation Z., marshes are widespread and the elevation changes at the rate A;(z, Z,t) +
A, — R, where we substitute marsh depth (D) for marsh elevation (Z = ¢/2— D). We assume for simplicity
a constant organic accretion rate A,. Using Eq. 9 for the inorganic accretion rate, substituting the rescaled
decay length L./L, and approximating 7! arccos(z) by (1 — x)/2 in the rescaled inundation time 7, we
get:

1 Z(z,t)

wp) |5~ 220 e (et p 5], (13)

C(]U)f r
2 0z

Ai(x, Z,t) =
Pi

where the function ¢(z,t) € [0, 1] is defined as the distance from the edge of a given channel rescaled such
that ¢ = 1 at the corresponding watershed divide (e.g. ¢(x) = z/L if the marsh edge is at x = 0 and the
watershed divide at x = L). The watershed divide is defined as the midpoint between neighboring channels

(or connected ponds.)

12
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Below Z,, but above Z;, marshes starts to degrade forming ponds (4, = 0). We assume these ponds are

isolated with no net inorganic accretion (A; = 0), and thus get deeper with SLR at arate: 0,7 = —R.

Ponds deeper than Z; are assumed to connect to the channel network and change the geometry of the
drainage basin. For simplicity, we assume ponds keep a constant depth afterwards (lower than Z;) and
become a new source of both tidal water and inorganic sediment with concentration Cy. Note that this is an
ideal best-case scenario, as in reality connected ponds do not deliver much sediment to the marsh platform,
which would decrease inorganic accretion rates in marshes around connected ponds and thus increase their

drowning rate.

We numerically integrate Eqs. 12 and 13, for interior-marsh drowning scenarios (R > A, + Af,), starting
with a marsh platform of arbitrary elevation and length, limited by tidal channels at both sides (Fig. 8). As
new ponds connect to the channel network (Z < Z,), we update the term ¢(x, t) to reflect the positions of

the new marsh edges (defined by the condition Z = Z,), and corresponding watershed divides.

Parameters for figures and data comparison. We use w; = 10~ m/s, which is within commonly re-

3:20.49 and p; = 2 g/cm?, obtained from a meta-analysis of bulk density measurements in global

ported ranges
marshes'. Parameters for Fig. 8: 6z = 1m, Cy = 50g/m®, R = 7mm/yr, Ay = 3mm/yr, Z. = 0.15m (critical

elevation for marsh drowning) and Z; = 0.1m (elevation for pond connection to channel network).

Organic accretion rates For some locations in USA (North and South Carolina, Mid-Atlantic and Texas
& Florida) we used the data compilation from !2, which reports the total accretion rate range (min and max
values) and the slope (cm®g~1) of the linear regression between organic mass accretion rates (defined as the
dependent variable, g cm?yr~!) and total accretion rates (defined as the independent variable, cm yr—1).
We then obtain min and max values for organic mass accretion rates and convert them from mass to volume

using an effective density of deposited organic matter: p, = 0.085 g/cm?, obtained from a meta-analysis of

13
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bulk density measurements in global marshes . For Rhodes Island, US, we use reported values of organic
mass accretion rates >° converted to volume using p,. We did the same for some marshes in Louisiana,
US 6, We also used reported values of organic accretion rates (mm/yr) for some locations in the Scheldt
estuary, NL 49 For Venice, we estimate organic accretion rates from reported total marsh accretion rates St
using the average bulk density ~ 1 g/cm?® ?° and the effective values for the density of organic and inorganic
deposited sediments p; = 2 g/cm?® and p, = 0.085 g/cm?® respectively !. The organic accretion rate data is

shown in Fig. 6.
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Figure 1: Critical depth for marsh recovery. (a) Sketch of the organic (A,) and inorganic (A;) accretion
rates on a marsh platform as function of the water depth (D) relative to mean high water level (MHW)
and rescaled by tidal range dz. Accretion rates (A and A¢) at the critical depth for marsh recovery (D..)
determine the marsh response to sea level rise. (b) Reported measurements of critical depths for Plum
Island, MA (MA) %; Venice, Italy 3>%%; regions of the Scheldt estuary, NL (NL2) *}; and in Hallegat and

Paulina marshes, NL (NL1) 3*.
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Figure 2: Spatial decay of the inorganic accretion rate and scaling with tidal range. (a) Simulation
and exponential approximation of the decay of the inorganic accretion rate A; with the rescaled distance
from channel x/L, where L is the length of the drainage basin. A, is the accretion rate at the marsh
edge and A; ; is the characteristic accretion rate in the marsh interior. (b) Simulated inorganic accretion rate
A$(x) at the critical depth D, (solid lines), rescaled by Cywy/ p;, for varying tidal range §z. Cj is the average
suspended sediment concentration at the channel bank or marsh edge during flood, p; is the effective density
of inorganic sediments deposited on the marsh and w; is the effective sediment settling velocity. Dashed

lines show the exponential approximation with a decay length L. given by Eq. 2.
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Figure 3: Validation of the exponential decay of inorganic deposition. Proposed exponential de-
cay A;(0)exp (—z/L.) compared to field data using the decay length obtained from simulations L, =
1.5Léz/(Twy), where 0z is the tidal range, 7" is tidal period and wy is the effective sediment falling veloc-
ity. Accretion rates at the channel A;(0) were fitted to data, L is taken as the maximum distance to channel
reported in the data and we use w; = 10~*m/s. Mass accretion rate data was converted to volume accretion
rates by dividing by the effective density of inorganic sediments deposited in the marsh p; ~ 2g/cm® !. Data

sources: (a) Phillips Creek, VA2, (b) Norfolk, UK, (¢) Paulina marsh, NL?! (d) Bay of Fundy, CA*’.
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Figure 4: Scale invariance of inorganic deposition. (a) Scaling of the decay length L. and the drainage
basin length L in the simulations. (b) Tidal channel network in Phillips Creek, VA, USA, showing the
apparent width of the levees (darker areas surrounding the channels) increasing with channel width, which
suggests sediment deposits in a wider region for larger tidal flows. (c) Linear scaling obtained from the

analysis of (b).
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Figure 5: Predictions of inorganic accretion rates. (a) Inorganic accretion rates at the critical depth D,
evaluated at the marsh edge and marsh interior (Af, and Af;, respectively) as function of tidal ranges for
an average suspended sediment concentration at the channel bank of Cy = 50g/m3. (b) Color scale is the
critical inorganic accretion rate at the marsh interior Af; as function of tidal range and average suspended
sediment concentration at the channel bank (Cy). Black lines separate regions with low inorganic deposition
in the marsh interior (A7, < lmm/yr, dashed line) and with inorganic deposition lower than the current

global mean rate of SLR (A7, < 3.5mm/yr, solid line). Superimposed data: Venice, Italy 3, Western

Scheldt, NL #°; from USA: Blackwater, MD 3!; Plum Island, MA 3¢; Phillips Creek, VA %°; Georgia, GA *2.

25



EarthArXiv preprint under review in One Earth

HoH  data
— representative value

TX and FL

o
|

RI ® LA

I
|

NC

SC *Venicg, IT

organic accretion rate (mm/yr)
N w
\
®
F e

Western ®
Scheldt, NL

-
|

Mid-Atlantic

Figure 6: Range of organic accretion rates. Organic accretion rates estimated from field data are within
1 — 5 mm/yr (shadow area). Solid line shows a theoretical maximum for salt marshes ! (representative
value). Field data: Rhodes Island (RI) °°; North Carolina (NC) '?; South Carolina (SC) '?; US Mid-Atlantic
average '2; Texas and Florida (TX & FL) '?; Louisiana (LA) %°; Western Scheldt, NL °; Venice, Italy (see

Methods).
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Figure 7: Comparison of predicted marsh accretion rates to measurements. Lines are predicted accre-
tion rates at the marsh critical depth (D,) for the marsh edge (Af,e + A¢, dashed line) and marsh interior
(Af; + Aj, solid line) as function of tidal ranges for a typical value of average suspended sediment concen-
tration at the channel bank* C, = 50g/m>. We use a theoretical maximum organic accretion rate for salt
marshes' A¢ = 3mm/yr (green solid line). Open symbols correspond to the global marsh data compilation

in . Filled symbols correspond to: Venice, Italy °!; Western Scheldt, NL *°; from USA: Blackwater, MD

(BW) 3!; Plum Island, MA (PIE) *¢; Phillips Creek, VA (PC) 3; Georgia, GA (GCE) **.
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Figure 8: Self-similar mechanism for marsh drowning. (a) One-dimensional simulation of marsh eleva-
tion Z(z,t) (in color) for an interior-marsh drowning scenario (see Methods for description of the model
and parameters). White areas represent ponds and/or tidal channels. The self-similar drowning mechanism
is as follow: Interior marsh drowning leads to pond formation (Z;), ponds expand and eventually connect
to the channel network (Z), thus modifying the drainage basin and leading to a new drowning phase (¢3).
Note the formation of levees around the main channels (at x = 0 and x = 1) and connected ponds. (b-c)
Examples of apparently self-similar patterns from marshes in Blackwater, MD (b) and Louisiana (c). (d)
In the absence of connected ponds, the drainage basin does not change and a new marsh equilibrium is

reached.
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Figure 9: Threshold rate of SLR for marsh survival. Lines are predicted thresholds for marsh survival
as function of tidal range for two values of the average suspended sediment concentration at the channel
bank (), representing typical low and mid-high sediment supply conditions (see Fig. 5). Symbols represent
predictions for specific locations including Blackwater, MD; Plum Island, MA; Phillips Creek, VA and
Georgia (we use values shown in Fig. 5b). Current SLR rates in those locations are in the range 3.5 +
1.5mm/yr (red line and region). Organic accretion rates in salt marshes are in the range 3.0 £ 2mm/yr

(green line and region). See methods for details.
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