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Scientific Significance Statement

Accelerating sea level rise (SLR) and declining sediment supplies threaten coastal ecosystems around the globe. Coastal
marshes are among the most valuable and vulnerable systems because they often must build vertically to avoid submergence
by SLR. The fate of marshes under SLR is hotly debated: field measurements suggest imminent marsh submergence, whereas
models predict survival at SLR rates exceeding 10 mm yr~'. Here, we present novel measurements of suspended sediment con-
centrations and vertical accretion and a meta-analysis of measurements around the world to quantify the limits of wetland
survival. We show that variability in two simple parameters (suspended sediment supply and tidal range) largely explains
global patterns of wetland vulnerability and that numerical models and field measurements are not incongruous.

Abstract

Tidal marsh survival in the face of sea level rise (SLR) and declining sediment supply often depends on the ability of
marshes to build soil vertically. However, numerical models typically predict survival under rates of SLR that far
exceed field-based measurements of vertical accretion. Here, we combine novel measurements from seven
U.S. Atlantic Coast marshes and data from 70 additional marshes from around the world to illustrate that—over con-
tinental scales—70% of variability in marsh accretion rates can be explained by suspended sediment concentratin
(SSC) and spring tidal range (TR). Apparent discrepancies between models and measurements can be explained by
differing responses in high marshes and low marshes, the latter of which accretes faster for a given SSC and
TR. Together these results help bridge the gap between models and measurements, and reinforce the paradigm that
sediment supply is the key determinant of wetland vulnerability at continental scales.
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Accelerating rates of sea level rise (SLR) threaten coastal
landforms and ecosystems (Kirwan and Megonigal 2013).
Wetlands build soil elevation by trapping allochthonous sedi-
ment and accumulating organic matter, which are processes
that tend to increase under accelerating rates of SLR (Kirwan
and Megonigal 2013). However, sediment delivery to the coast
has significantly declined in many regions of the world
(Wang et al. 2011; Weston 2014), meaning that wetlands are
potentially receiving less allochthonous material to build soils
at ever faster rates. Indeed, observations of wetland loss today
(Crosby et al. 2016; Morris et al. 2016; Jankowski et al. 2017)
and in the stratigraphic record (Saintilan et al. 2020; Toérnqvist
et al. 2020) indicate that there are limits to wetland accretion
that must be quantified to predict how coastal ecosystems will
respond to global change.

Wetland vulnerability is best characterized through spa-
tially explicit metrics that incorporate both vertical and lateral
responses (Marani et al.,, 2007; Kirwan et al. 2016; Ganju
et al. 2017; Mariotti 2020; Holmquist et al. 2021). However,
the maximum possible rate of vertical accretion commonly
defines a threshold for wetland survival, beyond which SLR
leads to wetland drowning. Estimates for threshold rates of
SLR differ widely, especially between projections from numeri-
cal simulation models and empirical measurements. Numeri-
cal models often predict stability under relatively high future
rates of SLR (e.g., 10-50 mm yr’l; Kirwan et al. 2016;
Schuerch et al. 2018), whereas contemporary field measure-
ments suggest vulnerability at rates of SLR observed even
today (<5 mm yr’l; Jankowski et al. 2017; Morris et al. 2016;
Crosby et al. 2016). Modeled threshold rates depend strongly
on sediment supply and tidal range (TR, Kirwan and
Guntenspergen 2010), suggesting that discrepancies between
models and observations may partially be related to variability
within and between marshes. However, under conditions that
can be found on the U.S. Atlantic Coast estuaries (spring
TR = 1 m; suspended sediment concentration = 30 mg L),
measurements of organic and inorganic contributions to soil
accretion suggest drowning under SLR rates greater than
~5 mm yr’1 (Morris et al. 2016), while an ensemble of numer-
ical models predicts a threshold SLR rate twice as high
(Kirwan and Guntenspergen 2010).

There are inherent advantages and disadvantages to using
models and empirical measurements to predict the maximum
rate of SLR that existing marshes can persst in place. Numeri-
cal models typically focus on basic feedbacks between inunda-
tion and sediment transport that allow projections of
elevation building through time in response to changing envi-
ronmental conditions (Fagherazzi et al. 2012; Kirwan
et al. 2016). Yet, models are inherent simplifications of real-
world process that often rely on basic treatment of vegetation,
nonvolumetric sediment budgets, lack of spatial resolution,
and sensitivity to poorly constrained parameters such as the
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concentration and settling velocity of suspended sediment
(Wiberg et al. 2020; Tornqvist et al. 2021). Field measure-
ments directly measure rates of vertical accretion influenced
by a more complete suite of processes (DeLaune et al. 1978;
Jankowski et al. 2017; Parkinson et al. 2017), but can be diffi-
cult to apply to other sites. Furthermore, accretion rates tend
to increase with flooding depth and duration (Friedrichs and
Perry 2001; Temmerman et al. 2003), making it difficult to
project measurements based on current or historical condi-
tions into a future characterized by faster SLR rates (Kirwan
et al. 2016). Sediment records covering multiple millennia
offer evidence of how wetlands responded to SLR rates faster
than present rates (Horton et al. 2018; Saintilan et al. 2020;
Tornqvist et al. 2020), but it remains unknown how other dif-
ferences (e.g., atmospheric CO, concentrations) may have
affected marsh response in the past.

Here, we attempt to bridge the gap between numerical
models and field measurements by developing an empirical
model of salt marsh vulnerability in the vertical dimension
based on novel field measurements and a global meta-analysis
of accretion and suspended sediment concentration (SSC).
Our work finds that vertical accretion is fundamentally tied to
SSC and spring TR, and that perceived differences between
models and measurements can partially be explained by the
difference between marsh elevation loss relative to sea level
and marsh drowning.

Drivers of Vertical Accretion

We directly measured SSC and vertical accretion in seven
tidal marshes spanning the eastern coast of the United States
and one on the eastern coast of Australia (Fig. 1). In contrast
to the traditional approach of quantifying SSC using bottle
sampling (Christiansen et al. 2000; Leonard and Reed 2002;
Wang et al. 2011; Moskalski and Sommerfield 2012; Ensign
et al. 2017; Poirier et al. 2017), we measured SSC via optical
back-scatter sensors every 15 min over seasonal to annual
time scales and on the marsh platform rather than relying on
discontinuous or channel-based measurements. Four of these
sites were located within extremely low elevation, youthful
marshes, evidenced by recent expansion or recovery from dis-
turbance (labeled sites in Fig. 1B; Supporting Information S1;
Coleman and Kirwan 2018, 2020, 2021a, 2021b). We selected
low marshes as they are thought to have local maximum rates
of vertical accretion because of a negative feedback between
inundation, plant productivity, and sediment deposition
(Kirwan et al. 2016; Morris et al. 2016). Therefore, maximum
accretion rates measured in low marshes are considered here
to represent the maximum SLR rates that marshes could keep
up with by sediment accretion. To complement these mea-
surements, we compiled vertical accretion and SSC data from
the literature for 70 additional tidal marshes around the
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Fig 1. (A) Site map showing SSC and accretion rates of sites used in the meta-analysis. Warmer colors indicate higher SSC and reference values are dis-
played in the legend. Size of the circle represents accretion rate, with larger circles indicating greater accretion rates. (B) Magnified view of the east coast
of North America with labels indicating SSC and accretion rate for the four low marsh monitoring sites and (C) Western Europe.

world, with the greatest concentration of sites in Europe
(25 sites) and North America (47 sites; Fig. 1). In contrast to
our direct field measurements, these sites varied widely in
marsh elevation, TR, vegetation type, and the methodology
used to measure accretion and SSC (Supporting Information
Table S1). Therefore, our analyses include marshes across a
wide range of environmental gradients; SSC ranged from
approximately 5-30 mg L™* and TR from 1.1 to 3.6 m in low
marsh monitored sites, whereas the meta-analysis sites
encompassed a wider variety of SSC (0.5-358 mg L™ ') and TR
(0.3-12 m).

Combining measurements and literature data, we found
that accretion rate is significantly related to SSC*TR (robust
linear regression, R* = 0.73, p < 0.001; Fig. 2a). We determined

a simple empirical model to describe this relationship
(Supporting Information S2), defined as,

Accretion = C; * SSC+TR. (1)

This equation is analogous to accretion rate (mm yr—') having
a fixed proportional relationship (C; in mm L m~! mg ' yr ')
to the sediment suspended (mg LY in the flooding waters (m).
We calculated C; = 0.2212 £ 0.008 (+ SE) for all sites excluding
five outliers (Supporting Information S2), which can be sub-
divided between C; = 0.1624 + 0.0134 for high marsh sites
and C; = 0.2250+ 0.0114 for low marsh sites. The higher
value of C; for low marshes is consistent with observations that
frequently flooded marshes have higher rates of accretion
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Fig 2. (A) Measured accretion rate is linearly positively related to suspended sediment concentration for a given tidal range (red R* = 0.54, blue
R? = 0.40, black R> = 0.91). (B) Relationship between accretion, SSC, and TR is dependent on methodology, with radiochronology (red, R* = 0.80) hav-
ing a significantly lower slope than modern accretion (blue, R? = 0.96) or elevation change (black, R> = 0.72). Dashed lines indicate data extrapolation

and empty circles indicate the outliers removed from the fit.

(Fagherazzi et al. 2012; Kirwan et al. 2016). Furthermore, C; cal-
culated for only the four low marsh sites that we directly mea-
sured is even larger, C; = 0.3535 £ 0.0587, supporting our
assumption that these extremely low marshes would have local
maximum accretion rates. Interestingly, we found no signifi-
cant difference between modern sedimentation measurements
(C; = 0.2452 £ 0.009) and modern elevation change measure-
ments (C; = 0.1980 + 0.019). This suggests that shallow subsi-
dence did not play a major and consistent role in the
relationship between SSC * TR and accretion over regional-
continental gradients, despite its potential impact at the site-
specific level (Cahoon et al. 2006). Accretion rates derived from
both short-term measurements and long-term radiochronology
were linearly correlated with SSC * TR, though the slope from
measurements that integrated over long time periods (decades-
centuries) (C; = 0.1014 £ 0.008) was less than that observed
using modern accretion measurements (Fig. 2b). This difference
could be attributed to either accretion rates that are accelerating
in parallel with SLR (Kirwan and Temmerman 2009; Kolker
et al. 2010) and/or the long-term effect of compaction and
organic matter decomposition that are not fully expressed in
short-term measurements (Breithaupt et al. 2018; Tornqvist
et al. 2020).

Conceptual and numerical models often emphasize the role
of mineral sediment supply in determining marsh vulnerability
to SLR (Reed 1995; Mudd et al. 2004; FitzGerald et al. 2008; Kir-
wan and Guntenspergen 2010; Fagherazzi et al. 2012; Kirwan
and Megonigal 2013), though attempts to demonstrate this in
the field have been inconsistent. For example, many field stud-
ies do not find a relationship between average SSC and marsh
accretion rates within a single study site (see Murphy and

Voulgaris 2006; D’Alpaos and Marani 2016; Poirier et al. 2017;
Palinkas and Engelhardt 2018; Duvall et al. 2019). Similarly, a
relationship between TR and accretion rates is inconsistent
(Kirwan and Guntenspergen 2010), with studies finding a posi-
tive relationship (Harrison and Bloom 1977; Stevenson
et al. 1986), but others finding a negative relationship (Chmura
and Hung 2004) or none at all (Cahoon et al. 2006;
French 2006). In contrast, robust linear regression with all
77 of our marsh sites indicates that over 70% of the variability
in accretion is explained by terms that directly relate to sedi-
ment deposition, that is, SSC and TR (R? = 0.73, p<0.001;
Fig. 2a). We suggest that the definitive role of physical pro-
cesses becomes apparent only by considering SSC and TR
together, and at regional to global spatial scales that encompass
wider gradients in SSC and TR. Together, our results demon-
strate the primary importance of sedimentation and support
assumptions of numerical models that aim to predict accre-
tion rates based largely on physical processes (Fagherazzi
et al. 2012).

Nevertheless, our work also illustrates substantial variability
in accretion rates that cannot be explained by physical factors
such as SSC and TR alone. Our empirical model predicts accre-
tion rates that are more than twice as high as measured rates in
many locations. For example, the empirical model predicts that
marshes in the German Wadden Sea (SSC = 34mglL’’,
TR = 2 m; Schuerch et al. 2013) should have accretion rates of
~15 mm yr !, whereas measured rates are only 3.5 mm yr '
(Schuerch et al. 2012). As discussed in the next section, we
attribute this type of discrepancy to variability in the sampling
locations on the marsh platform, where low marshes and those
close to channels have higher accretion rates than high
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elevation marshes far from channels (this study; Friedrichs and
Perry 2001; Temmerman et al. 2003). Variability in predicted
accretion rates may also be attributed to the role of organic
accretion, which is more important for vertical accretion than
inorganic sedimentation under certain conditions (Turner
et al. 2002; Morris et al. 2016). Dominance of organic accretion
could explain measured rates that exceed predicted rates, espe-
cially in low SSC and TR environments (Fig. 2a).

Our focus on vertical accretion and SSC represents a com-
mon, but imperfect, approach to assessing wetland vulnera-
bility. Volumetric sediment fluxes are potentially better
metrics of wetland vulnerability, and its dependence on sedi-
ment supply, because they account for spatial gradients
within marshes and the source of suspended sediment
(Ganju et al. 2017; Tornqvist et al. 2021). SSC is a poor
predicter of marsh vulnerability and sediment supply in sys-
tems where sediment cannot reach the interior of marshes
(Coleman et al. 2020; Duran Vinent et al. 2021) and in sys-
tems with significant resuspension and edge erosion (Ganju
et al. 2013). Nevertheless, volumetric sediment fluxes tend to
increase consistently with SSC in a variety of U.S. marshes,
suggesting the metrics are tightly linked (Ganju et al. 2017).
Moreover, SSC and vertical accretion are the most widely
reported field-based metrics, and form the basis for most
numerical models (Fagherazzi et al. 2012). Despite the limita-
tions noted above, our simplistic model represents a funda-
mental relationship between easily measured parameters
(SSC and TR) and a physical process strongly associated with
marsh survival (vertical accretion). Therefore, our work pro-
vides empirical support to the paradigm that autochthonous
sediment availability drives wetland elevation change at the
regional-global scale, while emphasizing that marsh vulnera-
bility at any particular location will be influenced by a num-
ber of other factors that cannot be predicted with simple
numerical models.

Comparison with numerical models

To understand potential differences between field mea-
surements and numerical models, we used a previously pub-
lished ensemble of five numerical models (Kirwan and
Guntenspergen 2010) to predict the threshold rate of SLR
that each marsh in our data set could survive given its site-
specific SSC and TR. Following Schuerch et al. (2018), the
ensemble model results can be summarized as,

Threshold SLR = a*SSC* TR? + ¢, (2)

where the constants a, b, and ¢ equal 0.292, 0.915, and 1.5,
respectively. The ensemble model indicates threshold SLR
rates increase linearly with SSC for a given TR (Kirwan and
Guntenspergen 2010), which is consistent with our empirical
model. However, linear regression demonstrates that the
ensemble model predicts threshold SLR rates that are higher
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than measured accretion rates when all high marshes are
included (i.e., slope m = 0.57, R? = 0.68, p<0.001 where
m = 1 would indicate modeled threshold rates equivalent to
measured accretion rates) (Fig. 3a). The analog comparison
using only marshes reported as low elevation (n = 41) reveals
that measured accretion rates in low elevation marshes are
nearly identical to modeled threshold rates of SLR for a given
SSC and TR (Fig. 3b; m = 0.92, R* = 0.89, p < 0.001).

These results illustrate a fundamental link between marsh
elevation and vulnerability that may help reconcile field-
based measurements of marsh accretion with numerical
models of marsh survival. For example, a previous meta-
analysis found that approximately 75% of marsh locations
were accreting at rates less than the 7.4 mm yr ' rate of SLR
projected under the IPCC RCP6.0 scenario and concluded
that those marshes would not survive (Crosby et al. 2016).
These types of observations inspire concern that numerical
models overestimate accretion rates compared to what has
been measured, and therefore underestimate marsh vulnera-
bility to SLR (Jankowski et al. 2017; Parkinson et al. 2017).
Indeed, we find that across our global network of sites, 40%
(31 of 77) of accretion measurements are less than
7.4mmyr '. Yet measured accretion rates are not them-
selves an indicator of the threshold rate for marsh survival
because accretion rates tend to increase with flooding depth
and duration (Friedrichs and Perry 2001; Temmerman
et al. 2003; Kirwan et al. 2016).

While a low marsh plant community that loses elevation
relative to sea level is at risk of drowning, a high marsh plant
community that loses elevation is at risk of first converting
into a low marsh community, assuming this ecological transi-
tion is possible in the given system. This represents a key dis-
tinction, where maintaining elevation means that high
marshes can persist as high marshes and surviving means that
low marshes will not drown. When we restrict our analysis to
low marsh sites, we find that less than 15% (6 of 41) of loca-
tions have accretion rates less than 7.4 mm yr !, and impor-
tantly, that measured low marsh accretion rates are similar to
threshold rates of SLR predicted by numerical models for a
given SSC and TR (Fig. 3b). These results are consistent with
observations of increased marsh inundation under current
SLR rates, evidenced by shifts toward more flood tolerant veg-
etation (Donnelly and Bertness 2001; Raposa et al. 2017),
despite relatively few locations with extensive marsh drown-
ing (Kirwan et al. 2016). Thus, our empirical analysis is consis-
tent with numerical models that predict relatively high
threshold SLR for marsh survival (i.e., low marsh accretion
keeping pace with SLR), albeit with significant geomorphic
and ecological changes.

Global analysis of critical $SC

We applied our empirical regression model (Eq. 1) to assess
global tidal marsh vulnerability with the global Dynamic
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Fig 3. (A) Comparison of observed accretion rate with threshold SLR determined from the ensemble model for high marsh sites (R =0.67, p <0.01).
(B) Comparison of observed accretion rate with threshold SLR determined from the ensemble model for only sites that were reported as low marsh

(R? = 0.89, p < 0.01). Blue points represent the four low marsh monitoring sites, and the insets are a magnified view of 0-30 mm yr—".

Interactive Vulnerability Assessment (DIVA) database of TR,
SSC, and local relative SLR rates for coastal segments that con-
tain marshes around the world (Spencer et al. 2016; Schuerch
et al. 2018). We considered the critical SSC (SSC;t) needed for
marsh accretion, based on DIVA TR and relative SLR data
(Eq. 1), and our empirical model coefficients that predict
marsh accretion under these physical parameters. We calcu-
lated the SSC that would be required to produce accretion
rates equal to the current RSLR rate using both empirical
model coefficients, C; = 0.1624 (calculated from high
marshes) and C; = 0.2250 (calculated from low marshes). We
assume that the lower empirical model coefficient
(C1 = 0.1624) results in a SSCq;: required for the marsh to
maintain its current elevation distribution of high and low
marsh relative to SLR. Below this SSCi, high marshes
become more inundated and are subject to vegetation shifts
(i.e., shift toward more flood tolerant species). In contrast, we
assume the higher coefficient (C; = 0.2250) predicts the
SSCqit for marshes to survive SLR, below which the entire
marsh will drown (i.e., convert to open water). If a system has
a SSC below the SSC.;: for maintenance of elevation but
higher than the SSC;; for survival, we would expect any high
marsh to convert to low marsh and then for the low marsh to
persist into the future.

1

Evaluation of SSC,;; reveals three distinct behaviors related
to the maintenance of current marsh elevation and the long-
term survival of marshes (Fig. 4). First, there are locations
where SSC exceeds both the SSC,; required to maintain ele-
vation and the SSC;ito survive SLR. This behavior is illus-
trated by marshes in Great Britain, where high TRs and low
relative SLR rates lead to SSC,; of less than 10 mg L. Esti-
mated SSC in this region are at least four times greater than
the predicted critical concentrations, and many locations have
recently experienced substantial marsh expansion (Ladd
et al. 2019). A second behavior is when sediment supply is
insufficient to maintain elevation or to survive. The low TR of
western Mediterranean marshes results in SSCg;; greater than
100 mg L™" under both empirical model conditions. Previous
work indicates low SSC in the region and large-scale wetland
loss that is consistent with our empirical model predictions
(Ibaniez et al. 2010; Day et al. 2011). Finally, the vulnerability
mapping reveals a number of locations where SSC is likely
lower than the SSC.: to maintain relative elevation, but
higher than the SSC; required to survive. This behavior is
consistent with marshes in the Northeastern United States,
where accretion deficits are ultimately leading to increasing
dominance of flood tolerant vegetation (Donnelly and
Bertness 2001; Raposa et al. 2017), but marshes are surviving
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SSCerit = RSLR / (0.2250 x Spring Tidal Range)

SSCerit = RSLR / (0.1624 x Spring Tidal Range)
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marshes to maintain current elevation. Colored segments indicate coastlines where marshes are found.

SLR because accretion rates accelerate with inundation dura-
tion (Kolker et al. 2010; Wilson et al. 2014).

To explore the effect of SLR on marsh vulnerability, we cal-
culated the percentage of global marsh area that would require
SSC greater than a reference value under different scenarios of
accelerated SLR. Like our previous analyses, we consider both
the SSC.;i: needed to maintain marshes at their current eleva-
tion, and the SSC.;; needed for marshes to survive. We use
30 mg L' as a reference value as the median SSC of our data
set is 33 mg L' and the average SSC for U.S. coastal rivers is

30.3 mg L' (Weston 2014). We find that approximately 35%
of global marsh area requires SSC > 30 mg L' to maintain ele-
vation under the current rate of eustatic SLR (3 mm yr~'), and
that the percentage increases to 77% at SLR rates of
10 mmyr ' (Fig. 4a). However, to survive current SLR
@mmyr ') only 26% of global marsh area requires
SSC >30mg L™, increasing to 71% at high rates of SLR
(10 mm yr~ ') (Fig. 4b). This suggests there may be consider-
able marsh area that can survive current SLR by converting
from high marsh to low marsh (i.e.,, not maintaining
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elevation). This area decreases at higher SLR, where marsh sur-
vival requires substantially higher SSC. While many other fac-
tors (e.g., organic accretion, shallow subsidence) influence
local marsh survival, measured accretion rates in low marshes
are consistent with modeled threshold rates of SLR for a given
TR and SSC (Fig. 3b). Together, these results help bridge the
gap between numerical models and field measurements, and
suggest that threshold rates of SLR can be predicted primarily
by physical factors at the regional to global scale.
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