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Key Points:

e Treeline elevations increase with tidal range, salinity and slope, but are not correlated
with climate or marsh characteristics

e Macro-scale drivers account for <50% treeline elevation variability indicating that local
factors mediate estuary-scale sea level responses

e Offset between treeline elevation and tidal datums suggest that standard sea level rise

projection methods may misrepresent land conversion
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Abstract

Sea level rise is leading to the rapid migration of marshes into coastal forests and other terrestrial
ecosystems. Although complex biophysical interactions likely govern these ecosystem
transitions, projections of sea level driven land conversion commonly rely on a simplified
‘threshold elevation’ that represents the elevation of the marsh-upland boundary based on tidal
datums alone. To determine the influence of biophysical drivers on threshold elevations, and
their implication for land conversion, we examined almost 100,000 high-resolution marsh-forest
boundary elevation points, determined independently from tidal datums, alongside hydrologic,
ecologic, and geomorphic data in the Chesapeake Bay, the largest estuary in the U.S. located
along the mid-Atlantic coast. We find five-fold variations in threshold elevation across the entire
estuary, driven not only by tidal range, but also salinity and slope. However, more than half of
the variability is unexplained by these variables, which we attribute largely to uncaptured local
factors including groundwater discharge, microtopography, and anthropogenic impacts. In the
Chesapeake Bay, observed threshold elevations deviate from predicted elevations used to
determine sea level driven land conversion by as much as the amount of projected regional sea
level rise by 2050. These results suggest that local drivers strongly mediate coastal ecosystem
transitions, and that predictions based on elevation and tidal datums alone may misrepresent

future land conversion.

Plain Language Summary

As sea level rise (SLR) drives saltwater further inland, terrestrial ecosystems change to tidally-
controlled ecosystems. A common ecosystem transition is coastal forest conversion to marsh,
which forms ghost forests, characterized as dead trees surrounded by marsh. Most projections of

(SLR) assume that the boundary between forest and marsh can be defined simply by the furthest
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landward extent of the tide. However, forest to marsh conversion can be influenced by other
physical processes and vegetation interactions. Here we analyze the location of the marsh-forest
boundary across the entire Chesapeake Bay, defined using 100,000 elevation points, alongside
environmental variable datasets to determine drivers of coastal forest retreat. As the largest
estuary in the U.S., the Chesapeake Bay provides a study area where the elevation of transition
from forest to marsh varies substantially. We find this variation in elevation to be driven by not
only tidal range, but also soil salinity and slope of the land, yet these variables explain <50% of
the variability in elevation. This suggests that local factors unaccounted for in this study also
strongly influence the retreat of coastal forests, even at regional scales. Therefore, projections of

SLR that rely solely on tidal extents may misrepresent future land conversion.

1 Introduction

Sea level rise is leading to rapid transformation of coastal ecosystems, where barrier
islands, marshes, and coastal forests are all migrating inland to higher elevations (E. E. White et
al., 2021; Zinnert et al., 2019). These ecosystems are arranged in patterns largely set by elevation
relative to position within the tidal frame (Brinson et al., 1995; Oertel, 1985). However, the
elevation of transition from marsh to coastal forest, or threshold elevation, deviates from what is
expected based on tidal datums due to complex interactions between other physical and biotic
variables (Boon et al., 1977). Climate change adds a global-scale driver of threshold elevation as
accelerating rates of global sea level rise (SLR) shift the marsh-forest boundary landward, but it
remains unclear how local variables will interact to mediate the degree of change (Poulter et al.,
2009; Robichaud & Begin, 1997).

Untangling the interactions between global drivers and local factors is central to

understanding the process of upland conversion to marsh. Increased tidal flooding from SLR is
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well established as a dominant global-change mechanism controlling marsh migration into
retreating coastal forests (Wasson et al., 2013; Williams et al., 1999). Saturated soils create
hypoxic conditions which can result in reduced root conductance and eventually mortality of the
roots (McDowell et al., 2022). Root mortality reduces water uptake by the tree, leading to loss of
the tree crown and carbon starvation (McDowell et al., 2022). Saltwater intrusion, which can
accompany SLR, has similar effects on tree mortality (McDowell et al., 2022). The osmotic
potential of saline pore water is higher than the root water potential of most woody coastal taxa,
which can reduce or eliminate the flow of water into roots (McDowell et al., 2022). Most
seedlings and saplings are unable to tolerate even brief inundation by saline water, preventing
forest regeneration years before mature trees die (Brinson et al., 1995; Williams et al., 1999).
Salt spray during storms can further limit trees to elevations higher than those regularly
inundated from tides (Boon et al., 1977; Robichaud & Begin, 1997). Saturated soils and salt-
stress increase forest vulnerability to disturbance events, such as storms, which are responsible
for large-scale forest dieback events (Ury et al., 2021).

Global-change drivers of tree mortality are mediated by local conditions at the marsh-
forest boundary, and its position within the larger coastal landscape. On a landscape-scale, the
marsh-forest ecotone is assumed to migrate inland faster in gently sloping areas (Brinson et al.,
1995; Fagherazzi et al., 2019; Kirwan et al., 2016). Marsh-forest ecotones within low slope
environments are more regularly inundated and generally have smaller watershed drainage areas,
limiting freshwater inputs that would otherwise reduce salt accumulation (Hussein, 2009;
Hussein & Rabenhorst, 2001). High slope environments facilitate better drainage of the marsh-
forest ecotone (Brinson et al., 1995). The distance from the treeline to water could also

potentially influence retreat of the coastal forest. Both flood extent inland and subsurface
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salinization decrease with increasing distance from open water to uplands (Guimond & Michael,
2021), as wider marshes reduce exposure of the marsh-forest ecotone to storm surge and mitigate
saltwater intrusion. Less permeable systems, such as those with clay-rich soils, reduce drainage
after inundation events, and thus increase root exposure to saline and/or hypoxic conditions
(Nordio et al., 2023). Shallow groundwater tables support saturated soil conditions and reduced
seaward groundwater flow with SLR (Guimond et al., 2020), which can extend the time it takes
saltwater pulses from storms to dissipate, increasing the likelihood of tree mortality. Terrestrial
vegetation is primarily limited by abiotic factors (Veldkornet et al., 2015), but species-specific
interactions mediate the responses to macro-scale drivers. Biotic factors such as shading,
recovery from disturbance, and tree-specific adaptations such as symmetric root distribution all
likely influence the conversion of uplands to marsh (Field et al., 2016; Messerschmidt et al.,
2021; Poulter et al., 2009; Veldkornet et al., 2015). Therefore, the response of the forest-marsh

ecotone is controlled by the interplay between global change and local variables.

Maintenance of tidal marsh ecosystems, and the habitat provision, carbon sequestration,
and water quality services they provide (Brittain & Craft, 2012; Craft et al., 2009; A. J. Smith &
Kirwan, 2021), will rely upon upland conversion to marsh at a global scale (Schuerch et al.,
2018). However, most marsh migration projections assume that the marsh-forest boundary
occurs at an elevation that can be approximated by a tidal datum (e.g. mean higher high water)
(Buchanan et al., 2022; Doyle et al., 2010; Holmquist et al., 2021; Mitchell et al., 2020; Osland
et al., 2022; Warnell et al., 2022), despite the understanding that the lower limit of coastal forests
is driven by a range of biophysical factors beyond tides. Here, we examine the elevation of
independently delineated, high-resolution marsh-forest boundary points in the Chesapeake Bay,

located along the U.S. mid-Atlantic coast, alongside biological and physical datasets to assess
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key drivers of coastal treeline elevation at the watershed scale. We interpret these ‘threshold
elevations’ as reflecting the cumulative influence of drivers that affect the survival of coastal
forests, allowing us to demonstrate that local factors strongly mediate global change driven

patterns of ecosystem migration.
2 Materials and Methods

2.1 Study area

We investigated the biophysical controls of marsh-forest boundary by examining
threshold elevations in the Chesapeake Bay region, a hotspot for sea level driven forest retreat
(Schieder & Kirwan, 2019). Approximately 400 km” of uplands have converted to marsh since
the late 19™ century (Schieder et al., 2018), with rates of retreat that are accelerating in parallel
with rates of sea level rise (Schieder & Kirwan, 2019). The average rate of relative sea level rise
has increased from 2.45 mm yr'' (1953 to 1983) to 4.7-6.2 mm yr' (1975 to 2021) (Ezer, 2023;
Ezer & Atkinson, 2015). Concurrent with accelerating sea level rise rates, coastal forests
migrated upslope and horizontal forest retreat rates accelerated from 3.1 m yr™' (1985-2000) to
4.7 myr’' (2001-2020) in a portion of the Chesapeake Bay (Chen & Kirwan, 2022a). By 2100,
1050-3748 km” of uplands are projected to convert to marsh, largely at the expense of terrestrial
forests and freshwater forested wetlands (Molino et al., 2022).

Low elevation terrestrial forests adjacent to marshes in this region typically include
loblolly pine (Pinus taeda) and Eastern red cedar (Juniperus virginiana) (Perry et al., 2001), with
forested wetlands commonly comprised of swamp tupelo (Nyssa biflora) and red maple (Acer
rubrum) (Noe et al., 2021). High marsh is usually composed of saltmeadow cordgrass (Spartina

patens), saltgrass (Distichlis spicata), and black needlerush (Juncus romerianus) (Perry et al.,
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2001; U.S. Fish and Wildlife Service, 2018). The invasive common reed, Phragmites australis,
is commonly found at the marsh-forest boundary as a sign of disturbance and ecosystem
conversion (Jobe IV & Gedan, 2021; Langston et al., 2021; Shaw et al., 2022; J. A. M. Smith,
2013).

Marshes in this region are highly vulnerable to sea level rise as a result of reduced
sediment supply and limited tidal influence (Noe et al., 2020; Xiong & Berger, 2010). Almost
200 km” of marsh has been lost across the Chesapeake and Delaware Bays over the past 40 years
(Chen & Kirwan, 2022b). Marsh fragmentation and drowning continues to be a concern for
Chesapeake Bay marshes given their limited vertical accretion potential (Duran Vinent et al.,
2021; M. S. Kearney et al., 2002). Marsh migration into upland forests has historically
compensated for erosion of marshes in the region (Chen & Kirwan, 2022b; Schieder et al.,
2018). Therefore, understanding drivers of coastal forest retreat is critical to improving

projections of future marsh area.

2.2 Input variables

The high-resolution (30 m) threshold elevation dataset was comprised of >95,000 points
aggregated into median threshold elevations for 81 watersheds within Chesapeake Bay and
adjacent coastal lagoons (Figure 1, Supporting Information Figure S1) (Molino et al., 2022),
which allows for comparison with watershed-scale environmental variables. Marsh-forest
boundary location was determined using a spatially explicit approach, independent of tidal
datums (Molino, Defne, et al., 2021), in contrast to other approaches (ex. Holmquist et al., 2021;
Warnell et al., 2022). Threshold elevation values were extracted at each elevation point from
U.S. Geological Survey (USGS) Coastal National Elevation Database (CoNED)

Topobathymetric Digital Elevation Model (Danielson & Tyler, 2016), a high-resolution (1 m)
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aggregate of elevation datasets published between 2004 and 2016. Preparation of additional
spatially-explicit environmental datasets for this study was completed in geographic information
software (ArcGIS Desktop 10.7) (Table 1).

We analyzed 14 environmental factors that were predicted to control rates of coastal
forest dieback alongside previously determined marsh-forest boundary elevations (Table 1)
(Molino et al., 2023). Hydrologic, topographic, climactic, and disturbance input variables were
identified based on previously documented relationships with threshold elevation, marsh
migration likelihood, or coastal forest retreat (Table 1). Values for predictor environmental
variables were extracted at the original threshold elevation points and then aggregated into
median values by watershed (Figure 2; Supporting Information Figures S2-13). The spatial
extent of some datasets did not cover all threshold elevation points so in those cases a subset of
points was used to calculate the median value for the watershed. Median values for datasets with
low resolution (temperature, precipitation, growing degree days) or for datasets which did not
extend to the marsh-forest boundary (salinity, tidal range) were determined from the
environmental variable data points which fell within each watershed.

We incorporated tidal range, salinity, surface water occurrence, change in surface water
occurrence, and normalized difference water index (NDWTI) data to analyze the influence of
hydrology on forest retreat. Tidal range was calculated as the difference between Mean High
Water and Mean Low Water, provided for the entire U.S. coastline at 400 m resolution by the
National Oceanic and Atmospheric Administration’s (NOAA) vertical datum transformation tool
(VDatum). Surface salinity data were modeled by St-Laurent et al., (2020) for the Chesapeake
Bay and Atlantic coastal lagoons. Surface water occurrence is the percentage of water detections

from March 1984 to December 2020 and change in surface water occurrence is the percent
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difference in water occurrence between 1984-1999 and 2000-2020 (Pekel et al., 2016). Mean
NDWI was computed from near infrared (NIR) and shortwave-infrared (SWIR1) bands available
from Landsat-8 imagery acquired from USGS Earth Explorer from June through August 2016-
2020 using the formula NDWI = (NIR — SWIR1)/(NIR + SWIR1) (Chen & Kirwan, 2022b).
Unique NDWI values were extracted at each marsh-forest boundary point.

To determine the influence of topography on tree mortality, we quantified slope,
topographic position index (TPI), watershed area, and distance to open water (Table 1) for each
marsh-forest boundary point. Slope and TPI were derived from the USGS CoNED Topobathy
(Danielson & Tyler, 2016). Slope was calculated as the average slope within 10 m on either of
the marsh-forest boundary (Molino et al., 2020). TPI, which examines if a single cell is higher or
lower than its surroundings (i.e. a hill vs gulley), was calculated using TPI; = y,,-y; where yy, is
the mean elevation of a 3x3 cell grid and y; is the elevation of the central raster cell in the grid.
Watershed area was determined by the area of the Hydrologic Unit (HUC) 10 watershed
delineated by the USGS (USGS, 2020) and distance to open water was calculated as the
Euclidean distance from the marsh-forest boundary point to water as delineated by the
Chesapeake Conservancy Land Use (using the Near tool in ArcMap) (Chesapeake Conservancy,
2018).

Climate variables, including annual temperature, precipitation, and growing degree days
were obtained from the PRISM Climate Group 4-km resolution datasets (Table 1) (PRISM
Climate Group, Oregon State University, 2019). Annual growing degree days were derived from
the temperature dataset as the number of days when the average temperature is greater than or
equal to 10°C (Chen & Kirwan, 2022b). Each of these variables is calculated as the long-term

mean from 1984 to 2020 and is incorporated in the model to examine how regional variation in
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climate mediates forest response to sea level rise. To assess the influence of a hurricane on forest
retreat, we extracted maximum inundation height (m) and inundation duration (hours) during
Hurricane Isabel at each marsh-forest boundary point from the Advanced Circulation (ADCIRC)
Prediction System (Molino, Defne, et al., 2021). Hurricane Isabel, which made landfall in
September 2003, was selected as the most significant storm to affect the Chesapeake Bay since at
least 1954 (Beven & Cobb, 2004). We therefore would expect this disturbance event to have the
highest likelihood of promoting coastal forest retreat inland, such as resulted from a comparable

storm in North Carolina (Ury et al., 2021).

2.3 Analytical approach

We used a linear model to assess the importance of biological and physical variables in
controlling coastal treeline elevations (run in Python 3 using the statsmodels package). Due to
data resolution limits, the linear model was run on the aggregated values of threshold elevation
and predictor variables for each watershed. The areal overlap of all the datasets formed the extent
of the analyses as all variables needed to be present in a watershed for it to be included in the
model. We fit a linear regression model to explain the median threshold elevation for 68
watersheds within the Chesapeake Bay (Figure 2). The model started with 14 variables which we
assessed for multicollinearity using a pairwise correlation matrix and variance inflation factors
(VIF) (calculated in Python) (Zuur et al., 2009). Highly correlated variables (Pearson’s r greater
> (.5) and those with a VIF above 5 were removed. The remaining variables were run in the
model, followed with a backward stepwise selection whereby we eliminated insignificant
variables until only significant variables remained. We calculated percent error for each

watershed to validate the results of the model.



225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

manuscript submitted to JGR: Biogeosciences

2.4 Comparison to tidally determined threshold elevations

We quantified how three different methods of determining the marsh-forest boundary
alter threshold elevations as well as predictions of future marsh migration area: a single value for
the region (Mitchell et al., 2020), a tidal datum (NOAA Office for Coastal Management, 2019),
and our spatially explicit marsh-forest boundary delineations (Molino et al., 2022). To calculate
the difference in threshold elevation between a single, tidally-derived value and the spatially
explicit methods, we compared a single value for threshold elevation for Virginia approximated
from highest astronomical tide (HAT) (Mitchell et al., 2020), to unique threshold elevations for
each watershed determined by our marsh-forest boundary delineations (Molino et al., 2022).
Similarly, we extracted the value of mean higher high water spring (MHHWS) (Holmquist et al.,
2019) at each marsh-forest boundary point and compared the value to threshold elevations
created independently from current marsh and forest extents (Molino et al., 2022). To quantify
the predicted marsh migration area determined by the tidal datum method, we summed the total
upland area between the current marsh-upland boundary and the predicted Mean Higher High
Water (MHHW) level for the entire study area under two SLR scenarios (0.45 and 1.22 m by
2100). This tidal datum corresponds to the predicted landward extent of brackish/transition
marsh in NOAA’s Office of Coastal Management Sea Level Rise Viewer (NOAA Office for
Coastal Management, 2019). We then compared the upland area predicted to convert based on
MHHW with the area predicted to convert to salt marsh under comparable SLR scenarios but
using both the single threshold value method (Mitchell et al., 2020) as well as independently

determined threshold elevations (Molino et al. 2022).
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3 Results

The median of the 95,286 threshold elevation points in Chesapeake Bay is 0.54 m.
Median threshold elevation for each watershed varies from 0.2 m North American Vertical
Datum of 1988 (NAVDS8) in the southernmost watersheds to 1.05 m NAVDS88 in the Virginia
Atlantic coastal lagoons (Figure 1). Simple linear regression revealed that tidal range and salinity
had the best simple linear model fits with threshold elevation at the point and watershed scales
(Figure 3). Threshold elevation increased significantly with tidal range, on the scale of individual
points (p<0.00001) and watersheds (p<0.0001) (Figure 3). Threshold elevation similarly
increased with salinity at point (p<0.00001) and watershed (p<0.01) scales (Figure 3). These
relationships are consistent with probability distribution functions in paired representative
watersheds, where two of the three variables (tidal range, salinity, slope) were held constant
(Figure 4). For example, probability distribution functions of threshold elevations within
watersheds with high tidal range (Metompkin) and low tidal range (Upper Chincoteague) display
a positive skew of threshold elevation in the watershed with the higher tidal range (Figure 4b).
These watersheds are located in a similar geographic area (Supporting Information Figure S1)
and have similar median salinities (32.1 vs 32.2 ppt) and slopes (2.51 vs 2.62 %), suggesting that
tidal range alone is responsible for the variation in threshold elevation.

The multiple linear regression explained 44% of the variability in threshold elevations at
the watershed scale. The significant variables determined by the regression confirmed the
relationship between threshold elevation and tidal range and salinity, with tidal range as the most
important variable in determining threshold elevation at the watershed scale. However, the linear
model also found that slope across the marsh-forest boundary is a significant variable (Table 1).

Despite only having a significant relationship at the point (p<<0.00001), not watershed (p=0.14)



269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

manuscript submitted to JGR: Biogeosciences

scale, slope has a higher coefficient than salinity (Table 1). No other input variables had a
significant relationship with threshold elevation.

Marsh-forest boundary threshold elevations obtained using a single value from a tidal
datum (e.g. highest astronomical tide), under- or over-estimated spatially explicit threshold
elevations by 0.29-0.44 m (Table 2). The most pronounced difference between the two methods
is in the high tidal range Atlantic coastal lagoons (Figure 2a; Supporting Information Figure
S13). Using the single value method for upland conversion, projections can result in similar mis-
representations of future marsh area on the order of 10s of square kilometers (Figure 5a,b).
Predictions of land conversion in the Chesapeake Bay region based on tidal datum (mean high
water) alone suggest that 276 km” of uplands will convert to estuarine wetlands with 0.45 m of
SLR and 968 km” of uplands will convert with 1.22 m of SLR (NOAA Office for Coastal
Management, 2019). If brackish/transitional marsh is included (up to mean high water spring),
the area increases to 778 km® and 1482 km” with 0.45 m and 1.22 m, respectively (NOAA Office
for Coastal Management, 2019). These predictions do not allow currently developed or
agricultural land to convert to marsh under any sea level rise scenario. Predictions which rely on
threshold elevations determined independently of a tidal datum suggest that 962 and 1658 km? of
uplands will convert with 0.45 m and 1.22 m of SLR (Molino et al., 2022), with impervious
surfaces and agricultural land cover types removed (Chesapeake Conservancy, 2018). Deviations
in predicted land conversion area within individual watersheds in some locations are in the
opposite direction of regional predictions. For example, in North Landing River, one of the
southernmost watersheds (HUC1 in Supporting Information Figure S1), 74 and 93 km? of
uplands are predicted to convert to marsh under Low and Intermediate SLR scenarios by

methods which rely on tidal datums (MHWS) (Figure 5, Table 2), while only 61 and 84 km? are
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predicted to convert under similar SLR scenarios using spatially explicit threshold elevations

(Figure 5, Table 2).

4 Discussion

4.1 Macro-scale drivers of threshold elevation

Strong gradients in tide range (0-1.21 m), salinity (<1-33 ppt), and other identified drivers
of coastal treeline elevation make the Chesapeake Bay a dynamic system in which to apply the
multiple linear regression model to understand macro-scale drivers of forest retreat (Figure 2).
Our finding that threshold elevations increase with tidal range (Figure 3a) and that tidal range is
the strongest predictor of threshold elevation in the multiple linear regression model (Table 1)
supports the conceptual framework that tidal inundation is the dominant control on the lower
bounds of the coastal treeline (Wasson et al., 2013; Williams et al., 1999). A similar relationship
has been suggested for marshes across the coast of Mississippi in the Gulf of Mexico (Anderson
et al., 2022). However, Mean High Water (MHW) only differs by 3.4 cm between tide gauges
along the Mississippi coastline due to the regional geomorphic planform and hydrodynamics
(Passeri et al., 2015), limiting the ability to test the effect of tidal range on threshold elevation
across a broader range of conditions. Chesapeake Bay, as a large drowned river valley estuary,
has greater variability in tide range and MHW along its coastal fringe and up tributaries, which
facilitates assessment of this relationship. Indeed, machine learning applications have identified
tidal variables as a key predictor of marsh migration area for all estuary types, including drowned
river valleys, river estuaries, coastal bays, barrier estuaries, and intermittently closed and open
lakes and lagoons (Hughes et al., 2022). The relationship between astronomical tidal range and

threshold elevation is likely weakened by meteorological influences on tidal range. In microtidal
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settings such as the Chesapeake Bay, wind has a significant impact on tides (Xiong & Berger,
2010), potentially increasing flooding frequency along marsh-forest boundaries in the lower tidal
range portions of the region. As flood frequency can limit tree survival (Williams et al., 1999),
we would expect this to influence the lower limit of coastal forests and weaken tide range as a
variable.

Salinization of freshwater ecosystems is shifting species composition and limiting the
extent of freshwater and terrestrial forests (Ensign & Noe, 2018; Noe et al., 2021; Taillie et al.,
2019; Tully et al., 2019; E. White & Kaplan, 2017). Increases in salinity to coastal ecosystems
commonly accompany increases in inundation from sea level rise (Williams et al., 1999),
although salinization of tidal freshwater forests can independently affect tree mortality (Noe et
al., 2021). Consistent with this conceptual framework, we find that threshold elevations increase
with salinity (Figure 3b), and that salinity is a key driver of threshold in the multiple linear
regression model (Table 1). Within the Atlantic coastal lagoon watersheds, which have the
highest salinities in our study region (Figure 2a), exposure to highly saline waters from salt spray
during storms measurably deviated the elevation of the coastal treeline from that expected by
tidal range alone (Boon et al., 1977). In low salinity and low slope environments, representative
of watersheds interspersed throughout our study region (Figure 2a,b), shading from plants has
been shown to reduce evapotranspiration and facilitate forest regeneration, extending the lower
limit of terrestrial forest, irrespective of increases in sea level rise and tidal inundation (Poulter et
al., 2009; Veldkornet et al., 2015).

Regional slope has long been assumed to drive variability in lateral forest retreat rates,
such that sea level rise inundates large areas and forest retreat rates are rapid in gently sloping

regions (Brinson et al., 1995; Field et al., 2016; J. A. M. Smith, 2013). However, field evidence
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supporting this relationship in Chesapeake Bay has been weak (Schieder et al., 2018) and in
some cases it has been suggested that vertical migration rates are actually faster in high slope
environments (Fagherazzi et al., 2019). Our finding that higher threshold elevations are found in
higher slope environments therefore complicates the general assumption that forest retreat is
fastest in low slope environments (Figure 4d, Table 1). There are several possible explanations
for this finding. Steep slope environments are potentially more vulnerable to inundation because
they have narrower transition zones from salt marsh to terrestrial forest, so that pulses of
saltwater have a shorter distance to travel to reach freshwater ecosystems (Brinson et al., 1995;
Fagherazzi et al., 2019). However, our model found no significant relationship between threshold
elevation and distance to open water (Table 1). Higher slope environments are likely to have a
greater outflow of fresh groundwater at the slope break, which occurs near the marsh-forest
boundary (Brinson et al., 1995). While freshwater inputs would tend to reduce salinities and
therefore potentially allow terrestrial vegetation to survive lower elevations (e.g. Figure 3b),
regular saturation, even by freshwater, can stress terrestrial vegetation and deteriorate the soil
organic matter (McDowell et al., 2022). Nevertheless, the unexpected positive relationship
between threshold elevation and slope would benefit from further field investigations into the
causal mechanisms at play.

Despite tidal range, salinity, and slope all having significant relationships with threshold
elevation, the strength of these relationships was generally weak. It is possible that mild
correlation between tidal range and salinity (R*=0.13, p < 0.01) and average slope and salinity
(R*=0.11, p < 0.01) could be responsible. Tidal range and salinity tend to vary spatially with
each other across the Chesapeake Bay region, where both salinity and tidal range are maximized

at the mouth of the Bay and in the Atlantic coastal lagoons (Figure 2). Similarly, average slope
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and salinity vary inversely with each other, despite differing reasons for these spatial trends
(geomorphology vs proximity with the Atlantic Ocean) (Figure 2). Data resolution and quality
also likely play a role in the weak model fit. For example, tidal range and salinity are both model
outputs with low resolution (400-600 m; Table 1). Data for these variables do not exist at the
marsh-forest boundary so the values used in the model are the median modeled values for each
watershed.

Several previously established relationships between macro-scale environmental
variables and forest mortality were found to be insignificant drivers of threshold elevation in our
analysis. For example, storms act as a pulse disturbance that potentially results in rapid forest
retreat (Fagherazzi et al., 2019; Miller et al., 2021; Ury et al., 2021). Hurricane Isabel, the largest
named storm to affect the region since 1954, had storm surge reaching 2.4 m above highest
astronomical tide in some areas of Chesapeake Bay and inundation which lasted for several days
(Beven & Cobb, 2004). Hurricane Isabel likely resulted in a pulse of coastal forest retreat, at
least in portions of the Chesapeake Bay near the Blackwater River, Maryland (Schieder &
Kirwan, 2019). However, neither maximum depth of inundation nor inundation duration at the
marsh-forest boundary was significantly correlated with threshold elevation in our analysis
(Table 1). It remains unclear whether the storm impacts were short-lived and/or too localized to
be relevant to the large spatial scales considered in our analysis, or whether the coarse resolution
of the storm dataset (100-300 m) obscured trends. Further work is needed to quantify how
flooding from repeated storm events might influence coastal forest retreat.

Our model also did not reveal a relationship between climate and threshold elevation,
despite a variation of 3.6°C and 496 mm of rainfall throughout the Chesapeake region (Table 1).

Temperature and precipitation are known to influence the growth rate of individual trees subject
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to coastal flooding, and therefore their resilience to climate change and sea level rise (Desantis et
al., 2007; Haaf et al., 2021; Kirwan et al., 2007). More work is needed to determine whether the
insensitivity of threshold elevations to climatic in our analysis is real, or due to coarse data

resolution.

4.2 Micro-scale drivers of threshold elevation

Interactions between local biotic and abiotic factors and global drivers can alter
landscape-scale patterns in ecosystem transitions (Suding et al., 2015; Yando et al., 2018).
Despite macro-scale drivers of threshold elevation (Figure 4, Table 1), the limited explanatory
power of our linear model (44%) suggests that local drivers may additionally influence threshold
elevation in ways that are not sufficiently captured in our large-scale analysis of the Chesapeake
Bay region. Field observations suggest that tree species, hydrology, microtopography, and land
use alter the expected threshold elevation from our model predictions (Figure 6).

Individual tree species response to local shifts in groundwater salinity and depth can alter
coastal forest retreat irrespective of estuary-wide salinity trends (Gardner et al., 2002; Sacatelli et
al., 2023; Thibodeau et al., 1998; Williams et al., 2007). The coastal forest in the Chesapeake
Bay varies in composition from freshwater forested wetlands to loblolly pine forests to
heterogeneous mixtures of pines and deciduous trees. Freshwater forested wetland species
common to the southeastern U.S., such as bald cypress (Taxodium distichum), tend to be more
tolerant to saturated soil conditions then terrestrial forests comprised of less flood tolerant
species, such as red maple (Acer rubrum) (Kozlowski, 2002). Coastal tree species exist along a
similar salinity gradient with coniferous trees, such as American holly (Zlex opaca) and eastern
red cedar (Juniperus virginiana), considered to be more salt tolerant than deciduous trees (USDA

NRCS Plant Materials Program, 2002b, 2002a). Younger age classes of both deciduous and
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coniferous tree species are particularly susceptible to stress from salt and saturated soils. Red
maple (Acer rubrum) seedlings experience reduced growth with saltwater flooding (Conner &
Askew, 1993), while loblolly pine (Pinus taeda) experiences limited seedling recruitment in
saturated soils (Kirwan et al., 2007). The ecological response of individual species based on
unique flood and salt tolerances has the potential to hinder or accelerate the rate of coastal forest
retreat across the estuary.

As sea level rises, the depth to groundwater and thickness of the unsaturated zone are
predicted to decrease (Flemming et al., 2021), which may alter soil saturation and porewater
salinity of the coastal zone. While high-resolution groundwater data does not yet exist on the
scale of the Chesapeake Bay, we have observed indicator wetland species such as narrowleaf
cattail (Typha angustifolia), commonly a sign of freshwater seepage (Silberhorn, 1999), along
the marsh-forest boundary in one of our saltiest watersheds in the Atlantic coastal lagoons
(Figure 2b), which illustrates a complex local hydrology (Figure 6b). Additional research is
needed to scale up the relationship between individual tree species and groundwater dynamics to
better capture the ecological response of coastal forests to sea level rise.

Microtopographic highs along the marsh-forest boundary can result in the presence of
trees in areas that are below where terrestrial forests are predicted to occur. Trees in retreating
coastal forests are commonly found on microtopographic highs such as the stumps or snags of
dead trees (W. S. Kearney et al., 2019; Williams et al., 2007). These hummocks are high enough
above regular inundation that seedlings of terrestrial tree species can germinate and grow (Figure
6¢) and freshwater input from rainfall maintains healthier root zones compared to the anoxic
soils of hollows (Krauss et al., 2023). Digital elevation models, even at high resolutions of 1 m

(Danielson & Tyler, 2016), are likely not able to capture these local topographic highs, resulting
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in the threshold elevations that more closely reflect the lower elevation areas where marsh
vegetation is present.

Roads, ditches, and levees constructed in the coastal plain can artificially alter the
apparent elevation of transition between marsh and upland ecosystems. In the Chesapeake Bay,
small earthen levees at the boundary between marsh and upland reduce tidal inundation of
agricultural and private lands (Hall et al., 2022; Putalik & Davis, 2022). These earthen levees can
have large trees growing on them (Figure 6a) making it difficult to discern between a natural
marsh-forest boundary and a forested levee with anomalously high threshold elevations. No
dataset of privately-owned levees exists for the Chesapeake region, making it difficult to identify
threshold elevation points which fall on these features. Together, these local drivers make it
difficult to quantify threshold elevations, and limit our ability to predict future marsh migration

into retreating terrestrial ecosystems.

4.3 Implications for projections of future marsh migration area

Quantifying the drivers of shifting ecotones is a critical step for predicting the impacts of
sea level rise on future land use change. For example, most projections of future marsh area rely
on selecting a tidal datum that defines the current landward boundary of marsh extent (Holmquist
et al., 2021; Mitchell et al., 2020), or selecting a tidal datum as the future boundary of marsh
extent (Buchanan et al., 2022; Osland et al., 2022; Warnell et al., 2022). However, our results
demonstrate that the elevation of transition (i.e., threshold elevation in m NAVDS88) between
marsh and forest varies substantially with salinity, slope, and local drivers. Where a single value,
such as HAT, or MHHWS are used to dictate the current landward extent of salt marshes
(Holmquist et al., 2021; Mitchell et al., 2020), the resulting threshold elevations can differ from

our measured threshold elevations by 0.29-0.44 m (Table 2). This difference is similar to or
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exceeds the magnitude of projected sea level rise in Chesapeake Bay by 2050 (Sweet et al.,
2017) and suggests that projections which use tidal datums as a proxy for threshold elevations
miss the majority of variability. As a result, future marsh area projections made using a single
value for threshold elevation across watersheds with different topographies and salinities can
vary widely from projections made using spatially explicit delineations of the marsh-forest
boundary (Figure 5a,b). For example, in watersheds with low salinities and corresponding low
threshold elevations, projected marsh migration areas can be underestimated by 200-400% when
a single threshold elevation is applied regionally (Table 2).

Our results also differ from studies which rely solely on tidal datums, where future salt
marsh extent is dictated by the location and elevation of future Mean High Water (MHW) and
the limit of brackish/transitional marsh is dictated by future mean high water spring (MHWS)
(NOAA Office for Coastal Management, 2019). As discussed previously, actual threshold
elevations are highly variable in Chesapeake Bay and cannot be described solely through tidal
datums. Projections of future marsh migration area under the Low SLR Scenario (0.45 m) made
using our spatially explicit approach (962 km?; Molino et al. 2022) are similar to those using
future MHWS as the landward extent of marsh (778 km*; NOAA Office of Coastal Management
2019). We attribute differences in marsh migration area estimates between methods at a
watershed-scale largely to variation in macro-scale drivers. In high salinity watersheds, such as
the Virginia Atlantic coastal lagoons, projections based on tidal datums alone tend to
underestimate marsh migration area (Table 2). In low salinity watersheds, such as North Landing
River, Virginia, projections based on tidal datums alone tend to overestimate marsh migration
area (Figure 5b,c). Nevertheless, differences in projected marsh migration area under alternative

methods lessen under higher SLR scenarios (Table 2). Rates of relative sea level rise and
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planning timelines for decision-making are essential considerations when selecting a projection
method (Gesch, 2012), with the spatially explicit approach providing additional insight on
shorter timespans and lower SLR scenarios.

The physical and climatic drivers which are used to predict ecosystem change also have
uncertain future trends. Global climate models predict increases and decreases in future annual
precipitation which will have a strong influence on estuarine salinity gradients. Similarly, tidal
range may vary in the future based on changes in mean sea level and shoreline hardening (Blyth
Lee et al., 2017; Cai et al., 2022), which is further complicated by shifts in storminess that cause
barrier islands to form and breach, limiting or increasing tidal flushing (Yellen et al., 2023). Our
work demonstrates a path forward to incorporating these complex and dynamic changes into
future predictions of land use change by utilizing independently established ecosystem
boundaries rather than static tidal datums. This approach is particularly important along spatially
variable coastlines such as the North American Atlantic seaboard where limited resources are
being split between flood adaptation and defense measures. With global marshes predicted to
struggle to keep pace with SLR in the vertical dimension (Saintilan et al., 2022), lateral
migration is becoming a dominant large-scale conservation option. Conservation efforts may be
implemented at regional or local levels (Coastal Protection and Restoration Authority of
Louisiana, 2017; Millard et al., 2013). Therefore, local-regional predictions based on higher
resolution input datasets (Van Coppenolle & Temmerman, 2020; Enwright et al., 2016) are
needed to inform management of coastal ecosystems and ensure maintenance of global marsh

area into the coming decades.
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5 Conclusions

Global processes, such as sea level rise, are responsible for landscape-scale shifts in
coastal ecosystems extent (Hein & Kirwan, In press; A. J. Smith & Goetz, 2021; E. White &
Kaplan, 2017). We found that within the Chesapeake Bay, tidal range, salinity, and slope are
macro-scale drivers of coastal forest conversion to marsh. The importance of tidal inundation and
salinity as abiotic controls on the lower limit of coastal forest is well supported (J. A. M. Smith,
2013; Veldkornet et al., 2015; Williams et al., 1999), while the positive relationship between
slope and threshold elevation suggests more complex underlying dynamics at play. However, the
combined influence of these macro-scale drivers explains less than half of the regional variability
in threshold elevation. This unexplained variability suggests that micro-scale drivers, such as
hydrology, microtopography, and infrastructure, are also strong controls on the location of the
marsh-forest boundary. Thus, our work finds that conventional methods that rely on tidal datums
to predict the marsh-forest boundary may produce projections that over- or under-estimate future

marsh migration areas.
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Tables and Figure Captions

Figure 1. a-b) Example of a marsh-forest boundary on a York River tributary, Virginia. a) Forest extent determined from the
Chesapeake Conservancy High-Resolution Land Use Data Project “forest” classification (Chesapeake Conservancy, 2018).
Salt marsh extent obtained from Maryland and Virginia National Wetlands Inventory datasets, “estuarine intertidal emergent”
classification (U.S. Fish and Wildlife Service, 2018). b) Points were placed along the marsh-forest boundary using methods
detailed in Molino, Defne, et al., (2021), and elevation values extracted at each point from the Chesapeake Bay Coastal
National Elevation Database. ¢) Median elevation of marsh-forest boundaries for 81 Hydrologic Unit (HUC) 10; 5 additional
units have no color as there were <100 points in that unit so a median elevation was not determined. Median elevation was
taken from all points within each HUC. Reproduced from Molino et al. 2022.

Figure 2. Median values for a) tidal range, b) salinity, and c) average slope within the 68 watersheds in the Chesapeake Bay
used in the linear model. Five watersheds have no color as there were insufficient source data. Salinity and slope maps
reproduced from Molino et al. 2022. Tidal data obtained from National Oceanic and Atmospheric Administration (NOAA)
VDatum (vdatum.noaa.gov). Salinity values based on model output provided by St-Laurent et al. 2020.

Figure 3. Median threshold elevation for each Hydrologic Unit (HUC) 10 watershed in Chesapeake Bay versus a) tidal
range, b) salinity, and c) slope. In each panel, the highlighted watersheds correspond to the paired-watershed analysis
presented in Figure 4. The locations of each watershed are shown in Supporting Information Figure S1.

Figure 4. a) Probability density estimate for all spatially explicit threshold elevation points within the study region. b-d)
Paired-watershed analysis comparing the elevation distribution of representative watersheds, where 2 of 3 variables are
similar. Panel b compares probability density estimates for two watersheds with high (1.08 m) and low (0.19 m) tidal ranges.
Panel ¢ compares probability density estimates for two watersheds with high (31.3 ppt) and low (2.1 ppt) salinities. Panel d
compares probability density estimates for two watersheds with high (3.1%) and low (2.7 %) slope. In panels b-d, vertical
lines represent median threshold elevation for each watershed, and are significantly different from each other. The locations
of each watershed are shown in Supporting Information Figure S1. Tidal data obtained from the National Oceanic and
Atmospheric Administration (NOAA) VDatum. Salinity data from St. Laurent et al., 2021.

Figure 5. Comparisons of predicted marsh migration area using the single value (orange), National Oceanic and Atmospheric
Administration (NOAA) (teal), and spatially explicit (dark purple) approaches in North Landing River, Virginia, USA (panel
e). a) Overlay of single value and spatially explicit marsh migration projection methods with 0.45 m of sea level rise (SLR)
and b) 1.22 m of SLR. ¢) Overlay of NOAA and spatially explicit marsh migration projection methods with 0.45 m of SLR
and d) 1.22 m of SLR. NOAA marsh migration area estimates were quantified using data downloaded from NOAA Sea Level
Rise Viewer (https://coast.noaa.gov/slrdata/). Spatially explicit marsh migration areas were obtained from Molino et al. 2022.
Gray areas are delineated as estuarine emergent marsh by the National Wetlands Inventory (U.S. Fish and Wildlife Service,
2018). The spatially explicit approach (purple) appears to cover a greater area in panels a-b as the projections start at the
median threshold elevation (0.32 m) as opposed to the single value approach (orange) which starts at highest astronomical
tide (0.61 m). See Table 2 for quantified areas for each method.
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864
Figure 6. Local drivers (land use, hydrology, microtopography) influence elevation of transition from marsh to upland; a)
levee built at boundary between marsh and agricultural land (Atlantic lagoons, Virginia, USA); b) band of narrowleaf cattail
(Typha langustifolia) at marsh-forest boundary indicative of freshwater seepage (Atlantic lagoons, VA, USA); c) loblolly
pine trees (Pinus taeda) growing on mound (Atlantic lagoons, VA, USA). Atlantic lagoons located in watersheds 37-39 in
Supporting Information Figure S1. Photo a taken by G.C. Levins and photos b-c taken by G.D. Molino.
Table 1. Input variables for the linear model explaining forest retreat at the Hydrologic Unit (HUC) 10 watershed scale.
Significant variables in italics. Variables with a p-value greater than 0.1 labeled NS (not significant) and the coefficient
labeled NA (not applicable). Processed variable input values for each watershed are published in the Environmental Data
Repository (Molino et al., 2023). Links to original raw data are included here and cited in text. Full source citations in
References.
865
Variable p-value | Coefficient | Resolution | Source
Tidal range 0.001 0.2264 400 m NOAA VDatum
Surface salinity 0.000 0.0083 600 m St-Laurent et al., (2020)
Average slope 0.003 0.1304 30m Molino et al., (2020)
Topographic position | NS NA 30 m Derived from Danielson &
index (TPI) Tyler, (2016)
Distance to open NS NA Polygon Water extent from
water Chesapeake Conservancy,
(2018)
Watershed area NS NA Polygon USGS, (2020)
Annual temperature NS NA 4000 m PRISM Climate Group,
(2019)
Annual precipitation | NS NA 4000 m PRISM Climate Group,
(2019)
Growing degree days | NS NA 4000 m PRISM Climate Group,
(2019)
Hurricane Isabel NS NA 100-300 m | Molino, Defne, et al., (2021)
max inundation depth (originally modeled by
ADCIRC)
Hurricane Isabel NS NA 100-300 m | Molino, Defne, et al., (2021)
inundation duration (originally modeled by
ADCIRC)
Historic surface water | NS NA 25m Global Surface Water
occurrence Explorer
(Pekel et al., 2016)
Change in surface NS NA 25m Global Surface Water
water occurrence Explorer
(Pekel et al., 2016)
Normalized difference | NS NA 30 m Landsat-8 acquired from
water index (NDWI) Earth Explorer
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Table 2. Variation in current threshold elevation and projected marsh migration as determined with three different
approaches. In the single value approach, a single threshold elevation is determined using a regionally averaged highest
astronomical tide (HAT) that is applied to the entire region to predict marsh migration (e.g. Mitchell et al. 2020). In the
National Oceanic and Atmospheric Administration (NOAA) approach, marsh migration is quantified using data downloaded
from the NOAA Sea Level Rise Viewer (https://coast.noaa.gov/slrdata/), and is based on modeled changes in tidal datum
alone. The spatially explicit method is based on a threshold elevation calculated for each watershed (Molino et al., 2022),
which implicitly includes spatial variability in the biophysical factors considered in the present study (i.e. salinity, tidal range,
and slope). All elevations in m North Atlantic Vertical Datum of 1988. Sea level rise (SLR) scenarios based on Sweet et al.
2017. Marsh migration areas within the Hydrologic Unit (HUC) 1 watershed are depicted in Figure 5. Location of both
watersheds within the Chesapeake Bay can be found in Supporting Information Figure S1.

*Mitchell et al. (2020). "Molino et al. (2022).

Virginia Atlantic Lagoons (HUC38)
Single value | NOAA | Spatially explicit

Threshold Elevation (m) 0.61° NA 1.05°
Migration area (km®) — Low SLR (0.45 m) 17.81 | 15.04 16.16
Migration area (km®) — Intermediate SLR (1.22 m) 43.23 | 35.37 37.70

North Landing River (HUC1)
Single value | NOAA | Spatially explicit

Threshold Elevation (m) 0.61° NA 0.32°
Migration area (km”) — Low SLR (0.45 m) 15.22 | 74.24 61.32
Migration area (km?) — Intermediate SLR (1.22 m) 40.45| 92.73 83.90



https://coast.noaa.gov/slrdata/
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.
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