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Abstract
Robust assessments of ecosystem stability are critical for informing conservation andmanagement
decisions. Tidalmarsh ecosystems provide vital services, yet are globally threatened by anthropogenic
alterations to physical and biological processes. A variety ofmonitoring andmodeling approaches
have been undertaken to determine which tidalmarshes are likely to persist into the future.Here, we
conduct themost robust comparison ofmarshmetrics to date, building on two foundational studies
that had previously and independently developedmetrics formarsh condition.We characterized pairs
ofmarshes with contrasting trajectories ofmarsh cover across six regions of theUnited States, using a
combination of remote-sensing andfield-basedmetrics.We also quantified decadal trends inmarsh
conversion tomudflat/openwater at these twelvemarshes. Our results suggest thatmetrics
quantifying the distribution of vegetation across an elevational gradient represent the best indicators
ofmarsh trajectories. The unvegetated to vegetated ratio andflood-ebb sediment differential also
served as valuable indicators. No singlemetric universally predictedmarsh trajectories, and therefore
amore robust approach includes a suite of spatially-integrated, landscape-scalemetrics that aremostly
obtainable from remote sensing. Data from surface elevation tables andmarker horizons revealed that
degradingmarshes can have higher rates of vertical accretion and elevation gain thanmore intact
counterparts, likely due to longer inundation times potentially combinedwith internal recycling of
material. A high rate of elevation gain relative to local sea-level rise has been considered critical to
marsh persistence, but our results suggest that it alsomay serve as a signature of degradation in
marshes that have already begun to deteriorate. This investigation, with rigorous comparison and
integration ofmetrics initially developed independently, tested at a broad geographic scale, provides a
model for collaborative science to developmanagement tools for improving conservation outcomes.

Introduction

Globally, scientists conduct assessments of ecosystem
stability to inform policy and management (Sato and
Lindenmayer 2018). Many different stability metrics

have been developed, but most investigations only use
one or a few, and multiple stability metrics have rarely
been correlated to each other or integrated (Kéfi et al
2019). Yet in order to direct monitoring efforts and
provide vital guidance to decision-makers, it is critical
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to evaluate multiple assessment alternatives, and
potentially integrate them to determine ecosystem
condition (Donohue et al 2016).

The resilience of tidal marshes in the face of exter-
nal disturbances such as sea-level rise (SLR) and
coastal development is a concern to coastal managers
throughout the world. Tidal marshes provide a wide
range of ecosystem services, including nutrient and
carbon sequestration, habitat provision, and wave
attenuation (Mitsch et al 2015, Barbier 2019). How-
ever, natural and anthropogenic processes modify the
vertical and lateral dynamics of tidal marshes, through
both physical and biogeochemical forcings. Physical
forces, including wind-waves, tidal processes, and
sediment supply play an important role in regulating
the hydro-geomorphic response of the tidal marsh
landscape (Fagherazzi et al 2012), while biogeochem-
ical processes play a large role in biomass production,
soil stability, and vertical accretion (Morris et al 2002,
Cahoon et al 2019). Animals can also exert strong
influences on marshes, through herbivory and bur-
rowing (Stevenson et al 1985, Holdredge et al 2009).
Human activities have altered many of these drivers of
marsh integrity and persistence, such as eutrophica-
tion fueling rapid decomposition and resulting in
degradation (Deegan et al 2012), decreases in sediment
supply essential to vertical marsh growth (Weston
2014), and accelerating SLR rates (Kirwan and
Megonigal 2013).

Management strategies to enhance tidal marsh per-
sistence include restoration of riverine sediment supply,
thin-layer sediment placement, drainage enhancement,
shoreline protection, and invasive species management
(Day et al 2007, Blum and Roberts 2009, Wigand et al
2017, Thorne et al 2018). Prioritizing restoration sites
and identifying the most appropriate techniques
requires reliable metrics to aid managers in directing
resources to marshes that are vulnerable enough to
require intervention, but not so threatened that invest-
ment in them will be wasted. Managers also need to
identify marshes that have the greatest chance of persis-
tence under future SLR conditions, so that they have
high priority for conservation to protect and sustain
their areal extent and the processes necessary for their
persistence.

In the United States, federal organizations includ-
ing the National Oceanic and Atmospheric Adminis-
tration’s National Estuarine Research Reserve System,
the Department of the Interior’s US Geological Sur-
vey, US Fish and Wildlife Service and National Park
Service, as well as academic researchers have devel-
oped and monitored indicators of tidal marsh resi-
lience and persistence. These range from point
measurements (e.g. of sediment accretion or marsh
elevation change at surface elevation tables) to esti-
mates at the landscape scale (e.g. sediment flux or
habitat change assessed from aerial photographs) to

regional characterizations (e.g. of sea-level trends).
The data from thesemonitoring efforts is used to para-
meterize mechanistic models of marsh dynamics
(Craft et al 2008, Swanson et al 2014, Schile et al 2014,
Byrd et al 2016). Some types of monitoring require
relatively high investment, such as fieldmeasurements
involving years of consistent repeat visits to detect
trends. Others can be accomplished with less effort,
such as analysis of aerial photographs. Ideally, coastal
managers should invest in the monitoring that has the
greatest predictive power for the least investment
necessary. It is still an open question, however, as to
which metrics will yield the greatest return on that
investment (Wiberg et al 2019).

Recently, Raposa et al (2016) developed and tested
three multi-metric indices based on a suite of ten tidal
marsh metrics, specifically aimed at evaluating marsh
persistence in the face of accelerations in the rate of SLR.
All metrics were chosen based on previous research sug-
gesting their importance to marsh response to SLR
(marsh elevation, sediment concentration, etc). This
assessment approach was applied to 16 NERR marshes
and related resilience scores were used to recommend
management strategies. Independently, Ganju et al
(2013, 2015) linked sediment transport mechanisms
withmarsh trajectory, demonstrating with a pair of sites
that intact marshes tend to import sediment, while
degrading marshes export sediment. That analysis was
extended to eight US sites (Ganju et al 2017), and a fur-
ther link was quantified between the net sediment bud-
get, the unvegetated to vegetated ratio (UVVR), and the
flood-ebb sediment differential. The implication in
Ganju et al (2017)was that marshes with high vegetative
cover and low open-water area tend to trap and retain
sediment, while marshes that are losing plant cover will
further lose sediment and convert to openwater.

Here, we jointly compare all metrics developed by
Raposa et al (2016) and Ganju et al (2017) to evaluate
which best predict tidal marsh persistence, which we
define as the maintenance of vegetated marsh cover
within the current marsh footprint. Twelve metrics
(and three multi-metric indices incorporating them)
were calculated for pairs of geographically similar
marshes with varying trajectories of marsh persistence
in six different US regions. Univariate and multi-
variate statistical approaches were employed to deter-
mine which metrics, separately or jointly, best
correlated with marsh persistence, and whether this
varied across regions. The twelve metrics were also
related to actual decadal change inmarsh vegetation at
each site to determine which best predicted observed
trajectories. This unprecedented analysis allows for
robust recommendations to coastal decision-makers
on the highest priority metrics, and provides guidance
for prioritizing futuremonitoring strategies.
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Methods

Study sites
To determine which metrics best identify tidal marsh
persistence, we examined a pair of marshes with
varying trajectories: one with a higher and one with a
lower change in unvegetated to vegetated marsh ratio
(UVVR) (see below) within each region. There were a
total of six focal regions (figure 1). Five marshes had
been previously examined by Raposa et al (2016) (both
Narragansett Bay marshes, both Elkhorn Slough
marshes; Grand Bay); six other marshes had been
previously examined by Ganju et al (2017) (Reedy
Creek, Dinner Point Creek, Blackwater, Fishing Bay,
Point Mugu Lagoon, and Seal Beach). A description of
each site is in the supplemental information (SI) is
available online at stacks.iop.org/ERL/14/124073/
mmedia.

MARSmetrics
The ten MARS (MArsh Resilience to SLR) metrics
were specifically chosen because they reflect condi-
tions affected by SLR and therefore represent potential
indicators of tidal marsh persistence (Raposa et al
2016). The three vegetation metrics are all derived
from recent field assessments in a marsh. The five
metrics for elevation change, accretion, sediments,
and tidal range are all from longer-term monitoring
over the most recent decade or coring, while the two
SLRmetrics are calculated from long-termNOAA tide
station data. Each metric can individually reflect SLR
impacts, but similar metrics are also averaged into one
of five broader categories, which then are further
integrated into the three multi-metric MARS indices,
thus providing opportunities to examine marsh per-
sistence in the face of SLR at three organizational levels
(see tables 1 and S1).

Flood-ebb sediment differential
The difference in suspended-sediment concentration
(SSC) on flood and ebb tides has been shown to
indicate the directionality of tidal marsh channel
sediment flux over time scales of months to years
(Ganju et al 2017). It is intuitive that this sediment
differential, defined as the mean SSC on flood tides
minus the mean SSC on ebb tides as determined by
velocity direction, is representative of whether amarsh
channel imports or exports sediment: one expects that
greater flood concentrations would result in sediment
import. The sediment differential is preferable to
mean SSC, a metric sometimes used to characterize
marsh sediment availability, because it can indicate
direction with negative values and because its absolute
value scales withmean SSC, combining flux direction-
ality and total sediment availability in a single metric
(Nowacki and Ganju 2019). In this study we represent
SSC with turbidity as a proxy, given the linearity
between the two parameters, and relatively consistent
slope in areas dominated by fine sediment (Ganju et al
2007). Details on calculations are in the SI.

UVVR
Ganju et al (2017) identified the UVVR as an indicator
of tidal marsh trajectory due to its relationship with
the marsh sediment budget. A stable tidal marsh, with
intact marsh plains and little deterioration tends to a
UVVR∼0.1. Values greater than this indicate a
trajectory towards marsh plain deterioration, and
increasing values correspond to increasing runaway
marsh expansion (e.g. Mariotti 2016). Therefore,
despite theUVVRbeing a snapshot in time, it indicates
the open-water conversion process; e.g. a high UVVR
translates to historical deterioration within a pre-
viously vegetated marsh plain. Conversely, a histori-
cally stable marsh will show a low present-day UVVR.
For each marsh, UVVR was calculated using a
reclassification of NAIP imagery into a normalized

Figure 1. Location of study sites. Pairedmarshes in six regions were investigated; clockwise from theNortheast these areNarragansett
Bay, Rhode Island (Coggeshall andNagWest), Barnegat Bay, New Jersey (Reedy andDinner Point Creek), Chesapeake Bay,Maryland
(Blackwater, Fishing Bay), Gulf coast (Grand Bay,Mississippi andTerrebonne Bay, Louisiana), southernCalifornia (Seal Beach, Pt.
Mugu Lagoon), and central California (upper and lower Elkhorn Slough).
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difference vegetation index that allowed us to isolate
and quantify healthy marsh vegetation from bare mud
or water. Tidal marsh boundaries were clipped based
on the wetland classification maps from the US Fish
and Wildlife Service’s National Wetlands Inventory
(NWI). Specifically, it included the boundaries of
estuarine intertidal subsystem fromNWI’s digitization
of historicmaps (as early as 1970s) to recently collected
aerial imagery, thus in areas of recent loss, the
boundaries included unvegetated areas that had been
formerly vegetated (see SI for details).

Observed vegetation change
For this study, we also evaluated the actual observed
trends in vegetation occurring at each site, assessing
marsh persistence trajectories by quantifying decadal
change in two ways. First, we calculated change in
UVVR (equation (1)). We calculated this from two or
more data points over an approximate 10 year span.
We found that rates of change were similar when
conducted by simply subtracting values approximately
a decade apart versus conducting a linear regression
with multiple points spanning a decade, though the
latter is likely to bemore accurate (see SI).

Second, we also calculated the change in percent of
themarsh area that was vegetated (vegetated/(unvege-
tated+vegetated)) over the same period, using the
subtraction method (equation (2)). We present the
raw value for percent vegetated as well as the change
value in the results, since the contrasts among sites in
percent vegetated are stark.
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Analyses
To examine differences related to marsh trajectories,
we calculated the percent difference among marsh
pairs within a region for each metric or index. We
subtracted the value for the site with a trajectory of
higher marsh loss from the value for the site with
higher marsh persistence. This difference was divided
by the largest absolute value for any of the 12 sites, then
multiplied by 100 to convert this to a percent
difference. To assess whichmetrics/indices performed
well, with a large difference in the expected direction
(lower marsh persistence members of the pair scoring
lower), we averaged the values across all six regions,
and counted the number of regionswith negative value
of<−10.

In order to determine whether the 12 marshes
group by higher versus lower persistence trajectories
based on the metrics we assessed, and which metrics
best correlate with this grouping, we conducted a
suite of related non-metric multi-dimensional scaling
analyses using Primer v. 7.0 (Clarke et al 2014). We

Table 1. Summary ofmetrics and approaches used for each.

Category Metric Data needs

MARSmetrics (Raposa et al 2016)

Marsh elevation

distributions

Percent ofmarsh belowMHW Frequency distribution ofmarsh elevations; estimate ofmean

highwater

Percent ofmarsh in lowest third of

plant distribution

Frequency distribution ofmarsh elevations

Skewness Frequency distribution ofmarsh elevations

Marsh elevation change Elevation change rate (mmyr−1) Time series data from surface elevations tables (SETs)
Sediment/accretion Short-term accretion rate (mmyr−1) Time-series data frommarker horizons

Long-term accretion rate (mmyr−1) Soil cores for radiometric dating

Turbidity(NTU) Mean turbidity fromwater quality sondes

Tidal range Tidal range (m) Mean daily tidal range fromwater quality sondes

Sea-level rise Long-term rate of SLR (mmyr−1) Long-termdata fromNWLON station

Short-term inter-annual variability in

water levels (mm)
Inter-annual variability data fromNWLON station

Ganju et al (2017)metrics

Flood-ebb turbidity differential Mean suspended sediment concentrations onflood and ebb tides

UVVR Relative area of vegetatedmarsh and unvegetated areas from

aerial photographs

Observed change in vegetation

Decadal change inUVVR UVVR (see above) assessed at 2+points spanning∼10 years
Percent ofmarsh plainwith vegetation Area of vegetatedmarsh divided by totalmarsh landscape area

(vegetated+unvegetated) × 100

Decadal change in percent vegetated Change in above, assessed at 2+points spanning∼10 year
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included all the metrics in this analysis, but omitted
MARS categories and indices, because they are not
independent of the metrics. The assessment of
observed decadal marsh trajectories was not included
in themultivariate analyses, because it was intended to
describe, not predict marsh persistence. Data were
normalized to enable comparison between metrics
with different scales.We created a Euclidean similarity
matrix and visualized differences among higher versus
lowermarsh persistence sites using a two-dimensional
ordination plot and carried out an analysis of similar-
ity (ANOSIM) to test for differences by persistence and
by region. We used similarity percentages (SIMPER)
to further examine groupings and themetrics that best
distinguished them. This unconstrained ordination
analysis was followed by a discriminant analysis using
canonical analysis of principal coordinates (CAP)
because paired sites were determined within regions
a priori (Anderson and Robinson 2003, Anderson and
Willis 2003). Thus, the CAP procedure maximizes
paired site differences rather than maximizing the
total variation among all sites. CAP was then used to
test for significant differences among regions and
among highermarsh persistence versus lower sites.

We also carried out univariate analyses (regres-
sions) to examine the relationship between actual
observed marsh cover trajectories (decadal change in
UVVR and percent vegetated) and all individual
metrics and indices.We further conducted regressions
of these variables to examine the relationship between
vegetation distribution across an elevation gradient
and accretion and elevation change/SLR. We graphi-
cally present only the significant relationships and

report Pearson’s correlation coefficient for all. These
analyses were conducted in R version 3.5.2 (R Core
Team2018).

Results

Overall comparisons of scores and persistence
The overall patterns of marsh metric scores were
complex, and differences between paired sites classi-
fied as more versus less persistent were not immedi-
ately obvious (figure 2). The simplest expectation
would be that more persistent marshes in each of the
six pairs have high scores (green) and less persistent
marshes have low scores (red). Instead, differences
between the higher versus lower persistence member
of each pair were mixed, and not always occurring in
the expected direction.

The scoring of the six pairs of sites according to the
various metrics revealed strong contrasts among
regions and metrics (figure 2). Sites did not typically
score uniformly (low across all metrics or high across
all metrics), but rather showed a mix of scores. Over-
all, the Rhode Island sites had the greatest number of
low scores, though the UVVR scores were relatively
high. An opposite pattern was seen in central
California, where the lowest UVVR scores were found,
but other scoresweremoderate.

The assessment of change in the UVVR that quan-
tified the actual observed change in vegetated marsh
loss over the past decade showed high variation among
regions. It is clear that what counts as high marsh per-
sistence in one regionmay represent low persistence in

Figure 2. Summary ofmetrics and indices.MARSmetrics, categories, and indices developed by Raposa et al (2016) are shown in the
top three sections; two additionalmetrics developed byGanju et al (2017) are shown in the fourth section. The assessment of actual
marsh persistence trajectories is shown last, with the change inUVVR and change in percent ofmarshwith vegetation. The percent of
marshwith vegetation is also shown to help describe these sites. Green indicates greatestmarsh resilience, red lowestmarsh resilience.
Scoring is summarized in supplemental table 1.
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another; for instance, the low persistence site in New
Jersey scored higher than many high persistence sites
elsewhere, and the high persistence site in central Cali-
fornia scored lower than any low persistence site else-
where (figure 2).

The assessment of percent difference in metric
scores between higher versus lower marsh persistence
sites also revealed differences among metrics
(figure 3). Here, we expected the difference to be nega-
tive, indicating that the lower persistence site scored
lower on metrics than the paired site in the same
region, indicated by red shading. This was indeed the
case for many metrics. However, for various inter-
related scores (accretion, marsh elevation change rate,
turbidity), values were higher at the lower marsh per-
sistence sites, indicating that sediment concentration
or accretion was greater there. A tally of regions where
the scores were more than 10% lower at the lower
marsh persistence site identified that three MARS
metrics (all related to vegetation distribution), the
associated MARS vegetation category average, and the
flood-ebb sediment differential all functioned as reli-
able indicators.

Multivariate analyses
The non-metric multi-dimensional scaling yielded a
robust ordination of sites, with visually apparent
separation among marshes with higher versus lower
persistence, and significant separation in ANOSIM
(figure 4). Region was a highly significant factor and
CAP ordination illustrated whether regional differ-
ences overshadowed paired site differences in persis-
tence metrics (figure S9). For many sites (e.g. southern
California, Rhode Island,Mississippi/Louisiana) there
was little separation between higher and lower persis-
tencemarshes, owing to regional similarities inmetrics
such as tidal range and SLR rates, and to greater
regional differences in the metrics (figure S10). For
example, CA-C and CA-S had a higher mean tidal
range (1.6 m and 1.1–1.2 m, respectively) than all but
one (RI-lower) of the other marshes. Relatively high
rates of relative SLR and short-term accretion seemed
to influence the clustering of MS/LA marshes and
higher persistence marshes in NJ and MD. Overall,
accounting for the regional grouping of pairedmarshes,
marshes with trajectories of lower persistence were
significantly different than thosewithhigherpersistence

Figure 3.Differences amongmore versus less persistentmarshes. The difference in value for themetrics and indices shown infigure 2
was calculated for each pair of sites (subtracting the less persistent from themore persistent site). This difference was divided by the
largest absolute value for any of the 12 sites, thenmultiplied by 100 to convert this to a percent difference. The first six data columns
show the percent differences for each state. Negative numbers (shown in shades of red for values less than−10) represent cases where
the less persistentmarsh scored lower on ametric, as would be expected; positive numbers represented the reverse (shown in shades of
green for values larger than 10). The next column shows the average difference among pairs. The final column is a count of the number
of regions (out of 6 possible) inwhich the difference was−10 ormore negative; this is oneway of assessingwhether this is a useful
indicator ofmarsh persistence. Counts of 4 are shown in light gray, 5 in dark gray.
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(p=0.033; figure S9). For sites such as MD, NJ, and
CA-C, marshes with lower persistence were clearly
different than thosewith higher persistence.

A SIMPER analysis revealed that average squared
distance among sites within the higher persistence
grouping is much less than within the lower persis-
tence grouping. The SIMPER analysis identified seven
metrics that jointly explained 67% of the difference in
higher versus lower persistence, with each contribut-
ing 9%–11% (figure 4). These are very similar to
metrics identified as important by comparing differ-
ences among pairs (figure 3,final columns).

Univariate analyses
Examination of the relationship between actual
observed marsh trajectories (change in UVVR and
percent of vegetated marsh over the past decade) and
every individual metric, category and index revealed
very few significant correlations (table S2). The MARS

metric Tidal Range (and related MARS category Tidal
Range) and the UVVR metric showed significant
positive relationships (figure 5). Examination of the
color-coding by persistence in this figure makes clear,
as noted earlier (figure 2) that scoring of higher versus
lower persistence was relevant within a region, but
does not hold across regions (otherwise all the red
points in these figures would have been in the far right
of the graphs). None of the metrics had a significant
relationship with change in percent of vegetated
marsh.

We also conducted univariate analyses to more
closely examine metrics that had showed unexpected
relationships: accretion, elevation change, and the
MARS ratio (elevation change/SLR) that were higher
in lower persistencemarshes, on average (figure 3).We
correlated these metrics to two vegetation metrics,
percent of marsh in the lower third of tolerance, and
also the simple percent of the marsh area that is

Figure 4.Non-metricmulti-dimensional scaling analyses.

Figure 5.Relationships between decadal change inUVVR and selectedmetrics. Change inUVVRwas positively correlated with
(A)Tidal range and (B)UVVR.Higher persistence sites are shown as blue points; lower persistence sites as red points. The Pearson
correlation coefficient is shown.
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vegetated. Short-term accretion rate showed a sig-
nificant positive relationship with the former
(figure 6(A)) but no relationship with the latter
(figure 6(B)). A similar but slightly weaker pattern
emerged for the MARS ratio (figures 6(C) versus (D))
and elevation change (not shown).

Discussion

Universal indicators of tidalmarsh trajectories
Are there universal indicators that are closely asso-
ciated with persistence versus degradation of tidal
marshes across diverse geographies and marsh dyna-
mics?Our results suggest that there are: the distribu-
tion of vegetation across the elevational landscape of
the marsh is a reliable indicator of the marsh’s
trajectory. The three metrics related to this (percent of
marsh below MHW, percent of marsh in lower third
of vegetation tolerance, and skewness of the distribu-
tion of vegetation across elevations) had the highest
average difference among marshes with higher versus
lower persistence across the six regions (figure 3), and
were the highest contributors in the expected direction
in the multivariate analysis (figure 4). The average of
all three of these metrics (the marsh elevation cate-
gory)was the only indicator that scored in the expected
direction across all pairs of marshes (worse in the less
persistent marshes; figure 3). Thus, the distribution of
vegetation across the elevational landscape appears to
be the most robust indicator of marsh persistence.
Marshes with the majority of the vegetation distrib-
uted low in the tolerance range degraded, while those
with vegetation high within the marsh landscape were
more stable. This supports earlier studies highlighting

the importance of the elevational distribution of
vegetation in marsh dynamics (McKee and Patrick
1988, Morris 2006, Schile et al 2011, Kirwan and
Megonigal 2013, Janousek et al 2016, Cole Ekberg et al
2017). Robust numeric models of marsh response to
SLR depend on identification of critical indicators of
marsh persistence (Wiberg et al 2019), thus our results
suggest that the elevational distribution of vegetation
across the marsh landscape should be given particular
attention in numericmodels.

The sediment differential andUVVR also emerged
as relatively strong indicators of marsh trajectories
across regions, with moderately high average differ-
ences among marshes with higher versus lower persis-
tence (figure 3) and high contributions to dissimilarity
among these groups overall (figure 4). Our results thus
build on the earlier results (Ganju et al 2013, 2015,
2017) highlighting the importance of these indicators.
The five indicators that were most reliable are all spa-
tially-integrated metrics that assess marshes at a land-
scape scale, rather than point-measurements. Each of
these single metrics outperformed the composite
multi-metricMARS indices (Raposa et al 2016).

Variability acrossmarshes
While we identified indicators of marsh trajectory that
responded consistently across regions, we also
detected substantial geographic variability. Narragan-
sett Bay marshes scored consistently low on MARS
metrics, but relatively high on UVVR, while Elkhorn
Slough marshes showed the reverse pattern (figure 2).
For the six regions, five different metrics had the
largest relative difference among pairs (skewness in
two regions, tidal range, percent of vegetation in top

Figure 6.Relationships between selectedmetrics. Short-term accretion rate is plotted against percent of vegetation in the lower third
of tolerance (A) and percent ofmarsh plain that is vegetated (B).MARS ratio is plotted against percent of vegetation in the lower third
of tolerance (C) and percent of themarsh plain that is vegetated (D). Higher persistence sites are shown as blue points; lower
persistence sites as red points. The Pearson correlation coefficient is shown.
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third, sediment differential, and UVVR each in one
region only). The rate of SLR also varied dramatically
across regions, with highest rates experienced by Gulf
coast and mid-Atlantic marshes (figures 2, S10). This
suggests that evaluation of multiple metrics better
characterizes marsh trajectories at a broad, compara-
tive scale than any single metric, and that assessments
at regional scales may be more effective at identifying
marsh persistence trajectories than those at larger
national or global scales.

As such, we found that some metrics are effective
as relative, but not absolute indicators of marsh trajec-
tories. In particular, UVVR was excellent at differ-
entiating the marshes with higher versus lower
persistence within a region, but not across regions—
Elkhorn Slough’s high persistence site scored worse on
the UVVRmetric than all except one of the low persis-
tence sites elsewhere (figure 2). This likely points to
inherent differences in a baseline, critical UVVR that
may be dependent on tide range, vegetation type, and
other regionally varying factors.

Ideally, the observed change in vegetation over
the past decade would serve as a method of ground-
truthing the predictive value of different metrics.
However, we found that regional differences such as
those described above made this challenging. For
instance, our results suggest that sites with higher tidal
ranges degrade faster (counter to the general under-
standing that microtidal systems are at greatest risk),
but this result (figure 5(A)) was strongly influenced by
Elkhorn Slough marshes, that have high tidal ranges
and little recent SLR, yet are rapidly degrading. Geo-
graphical variability thus made this sort of simple
regression analysis less valuable than our other
approaches to assessing marsh trajectories. Future
work is needed to explore the degree to which tide
range, biome, regional sediment supply, and extreme
events account for differences between regions. Ulti-
mately, from a land management perspective, com-
paring marsh parcels within the same geographic
region is the most practical approach given the scale
and jurisdictional aspects of coastal land management
(i.e. refuge or state-by-state basis).

Causes versus consequences ofmarsh dieback
For managers, the most useful indicators of marsh
persistence have predictive power, allowing for timely
intervention to prevent dieback of marshes in their
current footprint, or consideration of alternative
strategies such as facilitating marsh migration to
higher ground. The most robust predictions likely
come from factors directly related to the drivers of
marsh dieback. Some of the metrics included in our
analyses have this potential. In particular, the MARS
metrics related to marsh elevation change and sedi-
ment supply were originally included (Raposa et al
2016) because of their role in potentially drivingmarsh

resilience to SLR (Morris et al 2002, Fagherazzi et al
2012).

In our study of paired marshes of higher versus
lower persistence trajectories, however, these metrics
related to marsh elevation change and sediment con-
centration showed the opposite relationship with per-
sistence as provided in conceptual models of vertical
stability (e.g. Cahoon et al 2019). In 4 out of 6 of the
regions studied, marsh elevation change and indica-
tors of sediment concentration (turbidity and short-
term accretion rate) were greater in the less persistent
marsh, and the average value was greater in the lower
persistence marsh across all sites (figure 3). The
MARS-ratio (ratio of marsh elevation change to local
SLR) was also higher in low persistence marshes
(figure 3). Elevation change and accretion rate also
emerged as significant in the multivariate analysis—in
the reverse direction as anticipated.

A tidalmarsh that has already lostmuch vegetation
may have more sediment mobilized through tidal and
wave processes, and loss of elevation may result in
increased accretion due to longer submergence times
(Morris et al 2002, Reed 2002, Wiberg et al 2019).
Thus, for some marshes that have already lost sig-
nificant areas of vegetation, sediment accretion and
subsequent elevation gain can be symptoms of
instability (Ganju et al 2015), not drivers of stability.
This is why we found that many marshes with vegeta-
tion distributed lower in the tolerance range had
higher accretion and higher ratios of elevation gain to
local SLR (figures 6(A), (C)). This is apparently driven
by the low elevation of the remaining marsh, since the
percent of the area that was vegetated did not show
these relationships (figures 6(B), (D)). Marshes dis-
tributed low in the elevation range are not likely to
recover despite high accretion rates: once they have
lost significant elevation, simply tracking SLR is not
enough to convert a mudflat back into a marsh—the
elevation gain would have to dramatically exceed SLR.
Greater elevation gain in degrading marshes was not a
universal pattern however: at Narragansett Bay and
Elkhorn Slough, the marshes with lower persistence
had lower elevation gain rates, and lower ratios of ele-
vation gain to SLR rate than the marshes with higher
persistence. We thus conclude that these classic indi-
cators of tidal marsh persistence based on networks of
point measurements (i.e. SETs) should be recon-
sidered, because they do not always perform as con-
sistent indicators. For marshes that are still largely
intact, with high elevation and vegetated cover, eleva-
tion gain equal to or surpassing local SLR is likely
essential (e.g. Cahoon et al 2019). Conversely, eleva-
tion loss poses a challenge to tracking SLR, whether
resulting from microbial decomposition fueled by
nutrient-loading (Deegan et al 2012) or less inorganic
sediment supply and accretion due to changes to river
morphology (Day et al 2007). However, once elevation
and vegetation has been lost, these metrics lose their
value as predictors of marsh persistence, and instead
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can signal marsh degradation. The marshes in our
study with trajectories of lower persistence appear
likely to disappear in the near future, counter to the
common perspective of marshes being able to main-
tain equilibrium through enhanced accretion follow-
ing elevation loss (FitzGerald andHughes 2019).

Some of our other metrics, such as the sediment
differential andUVVR,may performwell as indicators
due their association with consequences (rather than
causes) of marsh degradation. The flood-ebb differ-
ential implicitly accounts for the source and direction
of sediment transport, whereas mean values of SSC do
not. Therefore, degrading wetlands will typically have
high mean SSC but negative differentials, while an
expanding wetland will have a positive differential,
indicating sediment import. We also suggest that
values of UVVR up to 0.5–1.0 may have predictive
value formarsh persistence, but beyond this themarsh
has degraded so far that sensitivity as an indicator has
been lost. Once a system has crossed a UVVR of ∼1.0,
the increasing role of estuarine processes (i.e. wind-
wave resuspension, larger scale circulation patterns)
may confound application of marsh metrics to pre-
dominantly shallow-water systems.

Additional metrics may shed light on causes of
marsh dieback. For instance, marsh degradation in
both of the California regions included in this study
appears likely to be driven by deeper subsidence than
what is measured by surface elevation tables, perhaps
resulting from groundwater overdraft or seismic
events. Longer time series of vegetative cover may also
have greater predictive power; thus extending the
UVVR change analysis to begin with the earliest aerials
dating back almost a century might prove to be a pow-
erful tool.

Selectingmarshmonitoring approaches
Our results suggest that geospatially derived metrics
can be an effective approach for assessment of marsh
stability at the landscape scale.While we calculated the
vegetation distributions from field transects of vegeta-
tion cover and elevation, this can also be done with
aerial image analysis and digital elevation models,
though some field ground-truthing is essential
(Buffington et al 2016, Ekberg et al 2017). The UVVR
is also assessed from aerial imagery. Therefore, four of
the five most effective indicators in this study can
mostly be obtained from remote sensing.

Decadal change in UVVR intuitively provides a
valuable perspective on vegetation cover trends at the
marshes. Accurate calculation of the rate of change
requires consistent analysis of aerial images over time,
ideally from 3+years to calculate a robust trend.
However, we found that for these 12 marshes, current
UVVR was very highly correlated (R2=0.93) with
decadal rate of change of UVVR (figure 5). Thus sim-
ply assessing the current UVVR is sufficient and pro-
vides a suitable metric with a single temporal

snapshot. Given the evidence for ‘runaway’ open-
water expansion (e.g. Mariotti 2016), as the UVVR
increases it is expected that processes leading to expan-
sion begin to dominate and increase inmagnitude

Point measurements at a network of SETs have
been promoted as a salt marsh monitoring approach
(e.g. Webb et al 2013, Osland et al 2017). For instance,
Lovelock et al (2015) analyzed recent trends in man-
grove surface elevation changes at 27 sites across the
Indo-Pacific region using data from a network of SETs
and found that adequate sediment availability can
enable mangrove forests to maintain rates of soil-sur-
face elevation gain that match or exceed that of SLR.
However, obtaining reliable rates of change from SETs
requires multiple site visits over many years, and,
given spatial variability, multiple stations per marsh.
The SET methodology can also provide critical infor-
mation on mechanisms underlying marsh dynamics,
and thus merits continued inclusion in an extensive
portfolio ofmarshmonitoring.

Conclusions

Understanding tidal marsh trajectories—of persis-
tence versus degradation—is critical for coastal man-
agement, especially in the face of accelerating SLR.
Marshes likely to persist in place can serve as the
centerpiece of conservation initiatives that protect
them from damaging land uses or other stressors;
marshes with moderate persistence should be prior-
itized for restoration action; while those with the
lowest likelihood of persisting may not represent wise
investment opportunities. Our study has identified
that indicators related to the distribution of vegetation
across the landscape ofmarsh elevationsmost strongly
predict marsh trajectories, while sediment differential
and the UVVR are also associated with marsh persis-
tence but to a lesser degree. Our results indicate that
overall, themost robustmonitoring approach involves
spatially comprehensive characterization of marsh
ecosystems.

We found that persistent marshes across the Uni-
ted States resemble each othermore than do degrading
marshes (figure 4), bringing to mind the opening lines
of Tolstoy’s Anna Karenina (‘Happy families are all
alike; every unhappy family is unhappy in its own
way.’) This suggests that marshes must have attributes
in common to be persistent in the face of sea level rise,
while marsh degradation can occur throughmany dif-
ferent pathways.

Nonetheless, our investigation also revealed sig-
natures of marsh degradation. While an ample sedi-
ment supply and substantial elevation gain can clearly
enhance marsh persistence in the long-term, the
majority of degradingmarshes in our study had higher
accretion and elevation gain rates on a decadal scale
than did their paired higher persistence counterparts.
This finding reinforces the notion that caution must
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be applied to the spatial interpretation and extrapola-
tion of data from SETs, underscoring the need for a
holistic marsh assessment (Ganju 2019). Marsh accre-
tion data must be interpreted in the context of spatial
location, elevation and vegetation. For a vegetated
marsh high in the tidal frame, elevation gain will help
with persistence in the face of future SLR. But the find-
ings of our study expand and support earlier work
(Ganju et al 2015) indicating that for a marsh that has
lost significant elevation and vegetation, increased
accretion can signal degradation.

This synthesis represented a cross-disciplinary
effort, and involved a critical examination of metrics
independently developed by different teams, a highly
unusual endeavor (Kéfi et al 2019). By working across
disciplines, wewere able to detect weaknesses in earlier
approaches. For instance, we found that the multi-
metric MARS indices were less effective at predicting
marsh trajectories than were single metrics. We also
determined that the UVVR metric loses sensitivity as
an indicator of marsh persistence beyond a certain
threshold of marsh degradation, and is generally less
closely associated with marsh trajectories than is the
elevational distribution of vegetation. But together we
have also succeeded in identifying an improved
approach to monitoring and understanding marsh
persistence, which consists of combined application of
a subset of the metrics. Because no single metric was
reliable at a broad geographic scale, we recommend
that assessments focus at regional scales and include
vegetation distribution across an elevation gradient,
sediment differential, and UVVR. Our investigation
identifying the most robust ensemble of metrics to
predict persistence serves as a template for other stu-
dies developing and testing monitoring approaches
that can inform conservation andmanagement.
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