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Abstract Oregon estuaries provide important opportunities to assess controls on tidal saline wetland
carbon burial and sediment accretion as both rates of relative sea level rise (RSLR; −1.4 ± 0.9 to 2.8 ± 0.8
mm yr−1) and ﬂuvial suspended sediment load relative to estuary area (0.23 to 17 × 103 t km−2 yr−1) vary
along the coast. We hypothesized that vertical accretion, measured using excess 210Pb in least‐disturbed
wetlands within seven Oregon estuaries, would vary with either RSLR or sediment load relative to estuary
area, and carbon burial would correlate strongly to sediment accretion. Mean rates of high marsh accretion
(0.8 ± 0.2 to 4.1 ± 0.2 mm yr−1) indicate that Oregon tidal wetlands have mainly kept pace with
twentieth‐century RSLR with the exception that the accretionary balance in the central coast is negative,
suggesting drowning. Experiencing the fastest rates of RSLR, central‐coast estuaries may foreshadow the
fates of other Oregon estuaries under future accelerated sea level rise. Comparison of mass accumulation
rates with sediment loads, however, indicates low trapping efﬁciency and therefore no ﬂuvial sediment
limitation. Thus, nonlinear feedback between RSLR and sediment accretion may enhance wetland
resistance to drowning. Among wetlands keeping pace with or exceeding RSLR, sediment accretion displays
no signiﬁcant relationship with elevation but rather appears controlled by both the rate of RSLR and relative
sediment load, highlighting the importance of incorporating both factors into future studies of tidal
saline wetlands. Carbon burial rates, controlled by sediment accretion, will likely increase with future
accelerated sea level rise.
Plain Language Summary Salt marshes and brackish scrub‐shrub and forested tidal wetlands,
collectively known as tidal saline wetlands, provide valuable services such as habitat for wildlife,
protection from coastal ﬂooding, and carbon sequestration. Despite their importance, tidal saline wetlands
are threatened by sea level rise and scientists must better understand what controls their growth so as to
make predictions of their future survival. Additionally, sediment accumulation within tidal saline wetlands
is an important control on the amount of carbon sequestered in coastal areas; thus, understanding how these
systems will evolve in the coming decades may shed light on the global carbon cycle and climate change.
New results from the Oregon coast indicate that both the local pace of sea level rise and the amount of
sediment delivered by rivers control tidal saline wetland growth. Because sea level rise is relatively slow in
Oregon and Paciﬁc Northwest rivers deliver relatively high amounts of sediment to the coast, Oregon
tidal saline wetlands may be resistant to future drowning. However, of the seven estuaries studied, two
showed evidence of drowning over the last century; the reasons for this are unclear but may relate to the
local pace of sea level rise or other processes not accounted for in this study.

1. Introduction
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Tidal wetlands maintain high biotic diversity and primary productivity (Beck et al., 2001), inﬂuence biogeochemical cycles as a critical junction between terrestrial and marine environments (Turner & Millward,
2002), and are considered some of the most valuable ecosystems on the planet (Barbier et al., 2011). Tidal
wetlands are responsible for 50% of marine carbon (so called “blue carbon”) burial, despite occupying only
0.2% of the ocean surface (Duarte et al., 2013), highlighting the importance of these systems to the global carbon cycle (Windham‐Myers et al., 2019, and references within). However, half of all tidal wetlands have
already been lost or degraded globally (Barbier et al., 2011), and another 1 to 2% (by area) are estimated to
be lost each year (Pendleton et al., 2012). Approximately 85% of U.S. West Coast vegetated tidal wetlands
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have already been lost (Brophy et al., 2019), and under high sea level rise rates, 83% of current West Coast
tidal saline wetlands are projected to fully submerge by 2110 (Thorne et al., 2018). Despite their clear importance and possible threatened status, these systems are inﬂuenced by complex ecogeomorphic feedback, and
questions related to tidal saline wetland morphodynamics remain. Oregon estuaries present compelling
opportunities to expand our understanding of tidal saline wetland sediment accumulation and blue carbon
burial and thus shed light on estuarine morphodynamics globally.
Oregon estuaries are understudied and therefore underrepresented within literature concerning blue carbon
burial and global wetland change (e.g., Chmura et al., 2003; Crosby et al., 2016; Kirwan, Temmerman, et al.,
2016; Morris et al., 2016; Ouyang & Lee, 2014). Indeed, although there exists considerable variation in tectonic, geomorphic, and anthropogenic settings along the U.S. West Coast, California data frequently represent the entire coast in comparative studies. Thom (1992) published some of the ﬁrst vertical accretion rates
measured within Oregon tidal saline wetlands. This preliminary study obtained a limited number (n = 2) of
137
Cs‐derived vertical accretion rates within the Salmon River Estuary. Thorne et al. (2018) recently
expanded the regional data set by measuring tidal saline wetland accretion rates using 137Cs within three
Oregon estuaries—Siletz Bay (n = 3), Coos Bay (n = 3), and Coquille River Estuary (n = 3). Considering
the complexity within and among estuaries, a primary motivation of our study is to provide more comprehensive sediment accretion rate data for undisturbed tidal saline wetlands in Oregon. Moreover, to our
knowledge, no previous study has quantiﬁed carbon burial within Oregon tidal saline wetlands.
As an additional motivation, our study of Oregon tidal saline wetlands may provide data unique to global
compilations of wetland change. For instance, Oregon tidal saline wetlands may serve as end‐members in
global assessments of marsh vulnerability to relative sea level rise (RSLR). In recently published compilations, Kirwan, Temmerman, et al. (2016) and Crosby et al. (2016) examined instances of salt marsh accretion
rates compared with RSLR rates primarily above 1 mm yr−1. The range of relative sea level change within
Oregon estuaries extends as low as −1.5 mm yr−1 (Komar et al., 2011). Also, some have contended that bias
within the literature toward reporting predominantly on threatened tidal wetlands has led to an exaggeration of wetland vulnerability to RSLR acceleration (Kirwan, Temmerman, et al., 2016). As a region that
experiences negative to low rates of RSLR (Komar et al., 2011), an abundance of ﬂuvial suspended sediment
(Wheatcroft & Sommerﬁeld, 2005), and limited human alteration (Thom & Borde, 1998), additional Oregon
data would therefore contribute new examples to global compilations.
Perhaps most compellingly, quantiﬁcation of organic and inorganic sediment accretion could help constrain
the relative impacts of sea level change and sediment delivery rates on tidal wetland evolution. Redﬁeld
(1972) was one of the ﬁrst to elucidate the balance between available sediment and RSLR in tidal wetland
accretion; since then, RSLR has traditionally been thought to control the formation and evolution of tidal
wetlands given no limitation of suspended sediment (Friedrichs & Perry, 2001). As relative sea level rises,
creating accommodation space, the wetland platform aggrades vertically through nonlinear feedback
between the vegetation, sediment, and estuarine ﬂow ﬁeld, thereby maintaining position relative to sea
level. However, recent studies have indicated that changes in sediment delivery rates may have largely determined the behavior of estuaries along the Atlantic and Gulf coasts of North America (e.g., Colman &
Bratton, 2003; Day et al., 2000; Gunnell et al., 2013; Kirwan et al., 2011). Following accelerated downstream
sediment delivery due to erosion, often associated with land use change, and subsequent expansion of tidal
wetlands, ecogeomorphic feedback maintain estuarine morphology after sediment supply slows. Whether
organic and inorganic accretion within tidal wetlands is primarily inﬂuenced by RSLR or by ﬂuvial sediment
ﬂux remains uncertain.
Oregon estuaries present an opportunity to constrain the relative impacts of sea level change and sediment
delivery rates over the past ~100 years because both factors vary along the coast, but in relatively well understood ways. Vertical land motions at the Oregon coast result from the large‐scale subduction of the Juan de
Fuca plate underneath the North American plate, and trench‐parallel differences in strain accumulation
cause latitudinally varying uplift rates (Mitchell et al., 1994). Eustatic sea level rise (ESLR) in the
Northeast Paciﬁc Ocean coupled with variable uplift results in relative sea level changes between −1.5
mm yr−1 in southern and northern Oregon (i.e., falling relative sea level), and rises of +2 mm yr−1 in central
Oregon (Komar et al., 2011). Independently, there exists a roughly 30‐fold range in ﬂuvial sediment ﬂux to
Oregon estuaries due primarily to variations in river basin area (Wheatcroft & Sommerﬁeld, 2005).
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Table 1
Estuary Characteristics; Estimates of Relative Sea Level Rise (RSLR), Calculated Using the Average Uplift Rate and Eustatic Sea Level Rise (ESLR); and Sediment Loads
for Each Estuary

2

Watershed area (km )
2
Historic estuary area (km )
2
Current estuary area (km )
2
Current tidal wetland area (km )
MTL (m)
MHHW (m)
−1
ESLR (mm yr )
−1
Mean uplift (mm yr )
−1
RSLR (mm yr )
3
−1
Sediment load (×10 t yr )
3
−2 −1
Relative sediment load (×10 t km yr )

Youngs

Nehalem

Tillamook

161
22.9
9.03
2.81
1.42
2.68
2.5 ± 1.1
2.2 ± 0.1
0.3 ± 1.1
26.8
3.0

2209
21.3
14.8
5.47
1.37
2.60
2.9 ± 1.0
1.9 ± 0.1
0.9 ± 1.0
224
15

1336
56.8
38.8
4.94
1.37
2.54
3.0 ± 1.0
1.2 ± 0.1
1.9 ± 1.0
245
6.3

Netarts

Salmon

Alsea

Coquille

42
10.7
10.6
1.20
1.09
2.09
3.1 ± 1.0
1.6 ± 0.0
1.5 ± 1.0
2.5
0.23

193
3.57
3.32
2.30
1.13
2.17
3.4 ± 0.9
1.2 ± 0.0
2.2 ± 0.9
20.1
6.1

1221
14.4
13.1
3.67
1.24
2.31
3.5 ± 0.8
0.7 ± 0.0
2.8 ± 0.8
110
8.4

2736
43.8
10.4
1.57
1.15
2.16
1.9 ± 0.9
3.3 ± 0.0
−1.4 ± 0.9
178
17

Note. Historic (includes currently diked areas) and current (excludes currently diked areas) estuary areas and current tidal wetland areas were estimated using
the Paciﬁc Marine and Estuarine Fish Habitat Partnership (PMEP)'s West Coast USA Estuarine Biotic Habitat maps (Brophy et al., 2019). Mean tide level (MTL)
and MHHW are expressed relative to MLLW based on NOAA tidal datums. The standard deviations of the uplift rates and ESLR errors were used in calculating
RSLR error by standard error propagation laws. Loads were additionally estimated for the seven estuaries using the USGS SPARROW model (Wise, 2018).
Watershed area for Youngs River Estuary and Tillamook Bay exclude the Lewis and Clark River and the Miami River, respectively. Because the load values
are modeled approximations, no error was estimated. Relative sediment load was calculated by dividing sediment load by current estuary area.

Secondary variables, including tidal range, water temperature and salinity patterns, and tectonic history
(Hickey & Banas, 2003; Kemp et al., 2018), are similar among these estuaries.
To examine these topics, we measured vertical accretion and carbon burial rates using excess 210Pb and Corg
data along elevation gradients within scrub‐shrub tidal wetlands, high marsh, low marsh, and mudﬂats of
seven Oregon estuaries that vary in RSLR and ﬂuvial sediment ﬂux: Youngs River Estuary, Nehalem Bay,
Tillamook Bay, Netarts Bay, Salmon River Estuary, Alsea Bay, and Coquille River Estuary. This assessment
will ﬁll critical knowledge gaps, providing an estimate of whether these ecosystems were resilient to anthropogenic and climatic stresses over the last century and contributing to global compilations of wetland
change. Moreover, comparison of these accretion values to rates of RSLR and ﬂuvial sediment load may
allow us to better constrain which physical drivers predominately control tidal wetland growth.

2. Methods
2.1. Study Settings
Estuaries were selected to span a range of RSLR rates and ﬂuvial sediment supply. Although both RSLR and
sediment supply differ along the Oregon margin, these seven estuaries share many similar secondary characteristics, such as water temperature, mean annual precipitation, watershed relief, and semidiurnal tide
ranges (Hickey & Banas, 2003). Additionally, although the degree varies, these estuaries have similar histories of diking, primarily for grazing and other agriculture, as evidenced by the difference in historic and
current estuary extents (Table 1).
Four tidal saline wetland classes were sampled: scrub‐shrub tidal wetlands, high marsh, low marsh, and
mudﬂats (see Table S1 for dominant plant species for each sampled wetland class). The scrub‐shrub wetlands were vegetated by a dense herbaceous layer of graminoids (grass‐like plants), plus overhanging shrub
canopy. Similarly dense graminoid vegetation with little to no bare ground characterizes high marsh in these
estuaries. The low marsh sites were dominated by low‐growing, halophytic species, often succulents; bare
ground was often present. Mudﬂats were unvegetated.
Rates of ESLR were combined with mean uplift rates to yield estuary‐speciﬁc RSLR rates (Table 1). Although
others have employed a single value for ESLR along the entire PNW coast in calculating relative sea level
change (e.g., Komar et al., 2011), we have determined regionally speciﬁc ESLR estimates to produce moderately more reﬁned rates. Values of ESLR were taken from Mazzotti et al. (2008), who calculated the rates by
deriving precise relative sea level change rates and GPS‐derived vertical velocities for tide gauges along the
PNW coast; these rates were veriﬁed with 1993–2003 satellite altimetry. The Astoria (OR) tide gauge, located
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in the lower Columbia River, provided the rate of ESLR for Youngs River Estuary. Because Nehalem Bay,
Tillamook Bay, Netarts Bay, and Salmon River Estuary lie between the Astoria and South Beach (OR)
gauges, a linear relationship between latitude and ESLR was used to estimate rates for these estuaries.
The rates for Alsea Bay and Coquille River Estuary were estimated using linear relationships between the
ESLR rates for the South Beach and Charleston (OR) gauges, and the Charleston and Crescent City (CA)
gauges, respectively. Due to subduction of the Juan de Fuca plate beneath the North American plate, interseismic uplift is variable along the Cascade margin (Mazzotti et al., 2008). Benchmark uplift rates, provided
in the Burgette et al.'s (2009) supporting information, were interpolated using natural neighbor interpolation
for the seven estuaries (Table 1). These values were consistent with those published for the Astoria and South
Beach NOAA tide gauges by Mazzotti et al. (2008).
Total suspended sediment loads were estimated for the contributing rivers and streams of each estuary using
the U.S. Geological Survey's SPAtially Referenced Regressions On Watershed attributes (SPARROW) model
for Western Oregon (Wise, 2018; Wise & O'Connor, 2016). Load estimates included contributions from the
major rivers, small streams, and shoreline runoff. Because sites within Youngs River Estuary are located on
the Youngs River, we distinguish this area from the greater Youngs Bay, and suspended sediment load contributed by the Lewis and Clark River was not included in the estimate. Additionally, the sediment contribution from the Miami River was not included in the estimated load for the Tillamook sites because that
river discharges much nearer to the estuary's mouth. Suspended sediment loads relative to estuary area,
hereby termed “relative sediment loads,” were calculated for comparison between estuaries.
2.2. Field Collection
Between 2010 and 2018, 72 sediment cores were collected from the intertidal zones of least‐disturbed tidal
saline wetlands from seven estuaries along the Oregon coast (Figure 1). Core locations were chosen at random using a three‐stage process: (1) using GIS, estuaries were stratiﬁed by wetland type (scrub‐shrub, high
marsh, low marsh, and mudﬂat) deﬁned by elevation from LIDAR digital elevation models and dominant
vegetation; (2) target core locations (coordinates) were placed in homogeneous areas at approximately the
center of each stratum; and (3) in the ﬁeld, handheld consumer‐grade GPS was used to randomly determine
the ﬁnal core location as the GPS introduced ≤5 m of random error to the true location. Scrub‐shrub was
deﬁned as tidal wetland above mean higher high water (MHHW) dominated by woody plants less than 6 m
tall (Cowardin et al., 1979). High marsh was deﬁned as tidal wetland above MHHW and dominated by herbaceous species previously described as typical of high marsh (Janousek et al., 2019; Janousek & Folger,
2014; Jefferson, 1975). Low marsh was deﬁned as tidal wetland below MHHW and dominated by herbaceous species previously described as typical of low marsh (Janousek et al., 2019; Janousek & Folger,
2014; Jefferson, 1975). Cores were preferentially collected within the high marsh because this wetland type
is found at an elevation most often considered to be in equilibrium with RSLR and covers a greater areal
extent than low marsh in Oregon estuaries. High marsh cores also frequently provide the clearest accumulation rate data. Selected locations likely to have aberrant depositional regimes (e.g., on channel banks or in
swales) were excluded, as were sites that were known to have been fully diked. PVC pipes that were 10 cm
in diameter and either 1.5 or 3 m in length were driven into the wetland using a sledgehammer.
Compaction was estimated by measuring the depth from the top of the PVC pipe to the sediment surface
both inside and outside of the core. Core compaction averaged 15 ± 8 cm, which corresponded to a mean
of 6.7 ± 3.8% over the entire core length. Each core was then sealed at the sediment surface with a test plug
and extracted with a truck jack. Elevation estimates of the sediment surface were made using a Real‐Time
Kinematic GPS, which returned an accuracy of 5 cm or better (generally 1–2 cm). To compare between
sites, standardized elevations (z*) were calculated as (elevation − mean tide level)/(mean higher high water
− mean tide level) (Swanson et al., 2014).
2.3. Sediment Analyses
Computed tomography (CT) imaging provides nondestructive, high‐resolution, three‐dimensional views of
stratigraphy that include physical and biogenic sedimentary structures, plant material, and potential artifacts. Within a week after collection, all core sections were scanned at 0.5‐mm resolution using a Toshiba
Aquilion 64‐slice CT unit (Figure S1). Because X‐ray attenuation primarily varies with the density of a material, X‐radiography is particularly useful in quantifying sediment bulk density (Davey et al., 2011;
Wheatcroft et al., 2006). To calculate dry bulk density (ρDB) throughout the sediment cores, we
PECK ET AL.
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Figure 1. Maps depicting core locations within the tidal wetlands of each estuary. Maps were created using Paciﬁc Marine
& Estuarine Fish Habitat Partnership (PMEP)'s West Coast, USA. Estuarine Biotic Habitat maps (Brophy et al., 2019).
High and low marshes are displayed as light gray marsh pattern and scrub‐shrub and forested wetlands are displayed as
solid gray. (a–h) Oregon coast, Youngs River Estuary, Nehalem Bay, Tillamook Bay, Netarts Bay, Salmon River Estuary,
Alsea Bay, and Coquille River Estuary. Coordinates are provided in Table S1.

determined a relationship between CT‐derived grayscale values and independently determined ρDB
(Fourqurean et al., 2014) on a subset of samples (n = 829). These data were binned into 10 bins to
account for differing sampling volumes between these two methods; a single ρDB measurement was
collected within each 2‐cm depth interval, whereas CT grayscale was measured at every 0.5‐mm depth
interval and averaged over each 2 cm.
Sediment cores were split length‐wise, sampled at 2‐cm increments, and freeze‐dried. Large plant material
was removed with forceps, and the dried sediment was ground to a consistent texture using a mortar and
pestle. Samples were analyzed for percent organic matter (OM) at 2‐cm increments to 50 cm by a standard
loss‐on‐ignition (LOI) technique as recommended by Heiri et al. (2001). To calculate Corg in all samples from
the OM data, LOI‐derived OM was correlated with Corg by measuring a representative subset of samples by
elemental analysis (n = 66; e.g., Goñi & Thomas, 2000). Mean sediment Corg density (g Corg cm−3) was calculated for the top 50 cm of each core as the product of mean ρDB and mean Corg content.
PECK ET AL.
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2.4. Radionuclide Analysis
Samples were prepared for γ‐ray spectroscopy by placing dried, disaggregated sediment in polystyrene
counting jars. Samples were counted for ≥24 hr on two essentially identical Canberra GL2020RS LEGe planar γ‐ray spectrometers (Wheatcroft et al., 2013). The 210Pb and 214Pb activities were measured at 46.5‐ and
351.9‐keV photopeaks, respectively, to calculate excess 210Pb activities, and 137Cs was measured using the
661.6‐keV photopeak. Samples were counted downcore until extinction of both radionuclides below the
detection limit (3 Bq kg−1).
Sediment accumulation rate (SAR) was calculated using the constant initial concentration (CIC) model (e.g.,
Sanchez‐Cabeza & Ruiz‐Fernández, 2012; Wheatcroft et al., 2013) applied to the excess 210Pb activities
(Figure S2; Ritchie & McHenry, 1990). The CIC method was chosen over other models for analyzing excess
210
Pb‐derived accumulation rates, speciﬁcally the constant‐ﬂux‐constant sedimentation or constant rate of
supply models, as it is a straightforward and widely used model (e.g., Callaway et al., 2012; Mudd et al.,
2009). Based on the downcore proﬁles of excess 210Pb decay (Figure S2), it seems that the assumptions of
the CIC model, speciﬁcally that the initial excess 210Pb activity at the sediment surface is constant and that
excess 210Pb activity monotonically decreases with depth (Arias‐Ortiz et al., 2018), are met.
Mass accumulation rate (g m−2 yr−1) was calculated by the CIC model using mass depth (g m−2; Sanchez‐
Cabeza & Ruiz‐Fernández, 2012), and carbon mass accumulation rate (CAR; g Corg m−2 yr−1) was calculated
using Corg mass depth (g Corg m−2). Error for each accumulation rate was calculated as the standard error of
each regression (Table S1).
In accordance with best practices for reporting reproducible excess 210Pb‐derived accumulation rates
(Mustaphi et al., 2019), all relevant data are maintained by the Smithsonian Environmental Research
Center's Coastal Carbon Research Coordination Network and available at doi.org/10.25573/serc.11317820.
2.5. Data Analysis
Errors were calculated as either the standard deviation of the mean or by error propagation (e.g., Taylor,
1997). To make statistical comparisons, data were ﬁrst tested for normality by the Kolmogorov‐Smirnov test
(α = 0.05). Regression analysis was used when creating calibration curves to solve for ρDB and Corg. The
Kruskal‐Wallis H test (α = 0.05) was used in comparisons between estuaries and wetland types because sample sizes are unequal. Because correlations were not assumed linear, Spearman's rank correlation test was
used (α = 0.05; Conover, 1980).

3. Results
3.1. Dry Bulk Density and Organic Carbon Calibrations
CT images showed that the cores were in good shape following extraction and transport, as biogenic and
sedimentary structures typical of wetland sediment were well preserved within the top 50 cm of each core,
and no obvious artifacts were present (Figure S1). Roots and rhizomes were abundant throughout the top 50
cm. When concentrated toward the surface, these dense root mats may prevent bioturbation (e.g., Kolker
et al., 2009), explaining the lack of obvious burrows. Binned CT X‐ray attenuation measured on an 8‐bit
grayscale (0–255) had a strong, positive relationship with ρDB (ρDB = (0.069 ± 0.003) e(0.023 ± 0.001) × CT, R2
= 0.98, n = 10; Figure 2).
Mean bulk densities were observed to be signiﬁcantly different between wetland types, with the lowest in
high marsh and scrub‐shrub cores, and the highest in the mudﬂat cores (Table 2; Kruskal‐Wallis test, p =
6 × 10−8, n = 3). When plotted along a standardized elevation gradient, z*, ρDB decreases with increased elevation (Figure 3a). Others have observed similar trends (e.g., Callaway et al., 2012; Roner et al., 2016; Thorne
et al., 2014), whereby low tidal elevations are inundated longer resulting in greater deposition of lithogenic
material (Mudd et al., 2009). When compared between high marshes, mean ρDB were signiﬁcantly different
between estuaries as well, the highest and lowest of which were in Coquille and Youngs, respectively
(Kruskal‐Wallis test, p = 0.007, n = 7).
There was a strong relationship (Corg = (0.23 ± 0.03) OM2+(0.28 ± 0.01) OM, R2 = 0.98, n = 66) between LOI‐
derived OM and Corg measured by elemental analysis (Figure 4). The conversion factor of 0.28 ± 0.01 is similar to conversion factors calculated by others, such as 0.40 ± 0.01 by Craft et al. (1991) and 0.421 ± 0.012 by
PECK ET AL.
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Figure 2. The relationship between dry bulk density (ρDB) measured gravimetrically within 2‐cm increments with depth
within numerous cores and CT‐derived 8‐bit grayscale value (0–255) measured in the corresponding depth increments.
Data (n = 829) were binned into 10 grayscale units and displayed as black dots. The vertical and horizontal error
bars on the binned data represent the standard deviations of the average ρDB and CT grayscale value in each bin,
respectively. The regression equation (black line) was calculated using the binned data and is
(0.023 ± 0.001) × CT 2
ρDB = (0.069 ± 0.003) e
(R = 0.98, n = 10). The gray dashed lines depict the 95% conﬁdence bounds.

Holmquist et al. (2018b). Given the closeness of ﬁt for all of the estuaries, 0.28 ± 0.01 is appropriate for least‐
disturbed wetland sediments in Oregon.
Comparison of mean Corg contents of each core revealed signiﬁcantly higher values within high marsh and
scrub‐shrub sediments (9.0 ± 3.3%) and much lower values within mudﬂat cores (2.0 ± 0.8%; Kruskal‐Wallis
test, p = 6 × 10−9, n = 3). Despite interestuarine differences in ρDB, Corg contents were not signiﬁcantly different between the high marshes of the different estuaries (Kruskal‐Wallis test, p = 0.07, n = 7). When
plotted along a standardized elevation gradient, z*, Corg contents increased with increased elevation
(Figure 3b). Others have observed similar trends (Chmura et al., 2001; Roner et al., 2016). Decreased tidal
inundation at higher elevations decreases mineral input and also reduces inundation stress, which leads
to increased productivity and higher amounts of autochthonous carbon (Friedrichs & Perry, 2001).
3.2. Sediment and Carbon Burial Rates
All cores either had no 137Cs activities above the detection limit or exhibited anomalous 137Cs proﬁles indicative of postdepositional remobilization (Foster et al., 2006), in which the activity peaked at or near the sediment surface and was much higher (40–320 Bq kg−1) than expected given unaltered adsorption. Therefore,
the 137Cs data were not used in determining accumulation rates.
When determining excess 210Pb‐derived vertical accretion rates by the CIC method, data points were
excluded from the regressions for the following reasons: errors below the detection limit of the γ‐ray spectrometers (3 Bq kg−1), surface sediment OM contents that diluted the lithogenic component causing low excess
210
Pb activities, or outliers due possibly to a change in lithology. Cores without excess 210Pb, with excess
210
Pb proﬁles that were indicative of nonsteady state sediment accumulation, or with CT scans that revealed
extensive bioturbation were not included in the analysis. Of the 72 cores collected, three quarters (54) had
interpretable excess 210Pb proﬁles: 4 scrub‐shrub wetland (80%), 43 high marsh (96%), 6 low marsh (50%),
and 1 mudﬂat (10%) cores. Because scrub‐shrub wetlands are similar in elevation to high marsh, these will
be considered together under the heading high marsh/scrub‐shrub. Because fewer mudﬂat and low marsh
PECK ET AL.
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n
z*
−3
ρDB (g cm )
Corg (%)
−3
Corg density (g Corg cm )
−1
SAR (mm yr )
−2 −1
MAR (kg m yr )
−2 −1
CAR (g Corg m yr )

n
z*
−3
ρDB (g cm )
Corg (%)
−3
Corg density (g Corg cm )
−1
SAR (mm yr )
−2 −1
MAR (kg m yr )
−2 −1
CAR (g Corg m yr )

Low marsh

High marsh/scrub‐shrub

4
1.04 ± 0.10
0.41 ± 0.03
4.2 ± 2.2
0.012 ± 0.007
2.5 ± 0.7
0.97 ± 0.31
107 ± 43

1
0.31
0.74 ± 0.16
3.1 ± 1.2
0.022 ± 0.004
2.0 ± 0.3
1.1 ± 0.1
54 ± 8

0

7 (5)
0.87 ± 0.16
0.46 ± 0.04
7.6 ± 1.3
0.032 ± 0.003
2.9 ± 1.0
1.1 ± 0.5
120 ± 39

3 (1)
0.36 ± 0.19
0.76 ± 0.10
2.8 ± 0.5
0.019 ± 0.002
2.8 ± 0.4
1.3 ± 0.2
49 ± 7

2 (0)
−0.15 ± 0.10
0.94 ± 0.22
2.6 ± 1.1
0.022 ± 0.004

Nehalem

4
1.02 ± 0.16
0.52 ± 0.09
9.2 ± 5.3
0.042 ± 0.013
2.0 ± 0.2
1.0 ± 0.2
88 ± 20

2 (0)
0.59 ± 0.11
0.72 ± 0.07
4.4 ± 0.6
0.030 ± 0.001

0

Tillamook

15 (14)
1.71 ± 0.11
0.42 ± 0.10
9.4 ± 3.1
0.035 ± 0.009
1.9 ± 0.6
0.72 ± 0.28
74 ± 41

0

3 (1)
0.50 ± 0.12
0.76 ± 0.11
2.1 ± 0.5
0.015 ± 0.003
2.3 ± 0.4
1.3 ± 0.2
51 ± 8

Netarts

a

Note. Accumulation rates include sediment (SAR), mass (MAR), and Corg (CAR).
One Salmon River core returned a statistically different SAR and was therefore not included in mean calculations for the estuary.

n
z*
−3
ρDB (g cm )
Corg (%)
−3
Corg density (g Corg cm )
−1
SAR (mm yr )
−2 −1
MAR (kg m yr )
−2 −1
CAR (g Corg m yr )

Mudﬂat

Youngs

0

a

8 (7)
1.30 ± 0.07
0.43 ± 0.08
11 ± 4
0.045 ± 0.007
1.6 ± 0.3
0.58 ± 0.11
79 ± 21

0

Salmon

7
1.15 ± 0.08
0.49 ± 0.10
8.1 ± 1.6
0.037 ± 0.007
1.7 ± 0.4
0.69 ± 0.16
63 ± 19

3
0.86 ± 0.13
0.48 ± 0.03
7.2 ± 1.0
0.032 ± 0.004
2.0 ± 0.2
0.80 ± 0.10
67 ± 21

3 (0)
0.23 ± 0.14
0.80 ± 0.13
2.7 ± 0.7
0.020 ± 0.002

Alsea

5
1.12 ± 0.12
0.70 ± 0.12
5.7 ± 2.5
0.025 ± 0.006
1.3 ± 0.3
0.64 ± 0.36
52 ± 7

3 (1)
0.55 ± 0.10
1.1 ± 0.1
1.8 ± 0.7
0.014 ± 0.003
1.9 ± 0.5
1.1 ± 0.1
50 ± 13

2 (0)
0.32 ± 0.01
1.2 ± 0.1
0.86 ± 0.00
0.010 ± 0.000

Coquille

Table 2
210
Pb Proﬁles) Collected Within Each Wetland Type Within the Seven
Number of Sediment Cores (n; Values in Parentheses Indicate a Different Count for Cores That Returned Interpretable Excess
Estuaries, and Sediment Properties Measured Include Relative Elevation (z*; Values Are Means and Standard Deviations When n ≥ 2), Dry Bulk Density (ρDB), Organic Carbon (Corg) Content, and
Corg Density
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Figure 3. Relationship between (a) mean dry bulk density (ρDB) and (b) mean organic carbon (Corg) estimated every 2 cm
within the top 50 cm and standardized elevation (z*) of each core. Error bars indicate the standard deviations of the
means. The solid black lines plot the correlation between ρDB and z* and Corg and z*; the gray dashed lines depict the 95%
conﬁdence bounds.

cores were collected and so few of those collected returned readily interpretable excess 210Pb proﬁles,
analyses associated with accumulation rates and carbon burial will predominately focus on high
marsh/scrub‐shrub cores.
Accretion rates ranged from 0.8 ± 0.2 to 4.1 ± 0.2 mm yr−1 among all high marsh/scrub‐shrub cores, and
standard errors ranged from ±0.1 to 0.5 mm yr−1. These rates are comparable to others measured in tidal
saline wetlands (Crosby et al., 2016; Kirwan, Temmerman, et al.,
2016). The SAR ranges within the high marshes/scrub‐shrubs of individual estuaries were as follows: 2.0 ± 0.2 to 3.4 ± 0.1 mm yr−1 in
Youngs, 1.7 ± 0.2 to 4.1 ± 0.2 mm yr−1 in Nehalem, 1.7 ± 1.1 to 2.2
± 0.3 mm yr−1 in Tillamook, 0.8 ± 0.2 to 3.0 ± 0.1 mm yr−1 in
Netarts, 1.2 ± 0.2 to 2.9 ± 0.3 mm yr−1 in Salmon, 1.2 ± 0.2 to 2.1 ±
0.1 mm yr−1 in Alsea, and 1.1 ± 0.2 to 1.8 ± 0.1 mm yr−1 in Coquille.
Corg burial rates ranged from 19 ± 4 to 160 ± 20 g Corg m−2 yr−1
among all high marsh/scrub‐shrub cores. These rates are comparable
to others measured in tidal saline wetlands (Ouyang & Lee, 2014).
The CAR ranges within the high marshes/scrub‐shrubs of individual
estuaries were as follows: 58 ± 7 to 160 ± 10 g Corg m−2 yr−1 in
Youngs, 59 ± 6 to 150 ± 10 g Corg m−2 yr−1 in Nehalem, 69 ± 8 to
120 ± 10 g Corg m−2 yr−1 in Tillamook, 19 ± 4 to 160 ± 20 g Corg
m−2 yr−1 in Netarts, 45 ± 8 to 130 ± 20 g Corg m−2 yr−1 in Salmon,
42 ± 8 to 94 ± 9 g Corg m−2 yr−1 in Alsea, and 43 ± 11 to 60 ± 4 g
Corg m−2 yr−1 in Coquille.
Figure 4. The relationship between fraction organic matter (OM) as determined
by loss on ignition (LOI) and organic carbon (Corg) measured by elemental analysis in a subset of samples from the seven estuaries (n = 66). The regression
2
2
equation (black line) is Corg = (0.23 ± 0.03) OM +(0.28 ± 0.01) OM (R = 0.98).
The gray dashed lines depict the 95% conﬁdence bounds. The subset was selected
to include a range in OM contents from at least four cores from each estuary to
ensure a representative curve.

PECK ET AL.

Mean carbon contents and CARs measured within cores collected
from scrub‐shrub wetlands from Youngs (n = 2), Tillamook (n = 1),
and Netarts (n = 2; only 1 core provided accumulation rate data) were
comparatively high. Mean Corg contents within the top 50 cm of
scrub‐shrub wetland cores averaged 13.0 ± 3.4% (n = 5) compared
to an average of 8.5 ± 3.0% (n = 45) for high marsh cores. The
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mean CAR within scrub‐shrub wetlands, 120 ± 30 g Corg m−2 yr−1 (n = 4), additionally exceeded the mean
CAR of 77 ± 35 g Corg m−2 yr−1 (n = 43) measured within high marshes.

4. Discussion
4.1. Data Assessment
Before discussing the observed patterns, we examine the quality of the measurements. The majority of scrub‐
shrub wetland and high marsh and some low marsh cores displayed excess 210Pb downcore proﬁles that
approximated idealized proﬁles (MacKenzie et al., 2011) and were therefore readily interpretable
(Figure S2). Based on the lack of bioturbation evidence within the CT scans, we concluded that none of
the high marsh/scrub‐shrub cores were subject to substantial bioturbation. It is likely that the presence of
dense root mats common to tidal wetlands may have prevented much mixing.
To investigate whether the sediment core locations were net depositional or erosional, inventories of excess
Pb (Bq cm−2) were calculated using standard techniques (Cochran et al., 1998). These inventories were
compared to an estimate of annual atmospheric ﬂux of 210Pb, assumed constant by the CIC model.
However, the atmospheric ﬂux of 210Pb is spatially variable (Baskaran, 2011), and few values are published
for the PNW. Nevissi (1985) measured 0.0073 ± 0.004 Bq cm−2 yr−1 in Seattle (WA); Balistrieri et al. (1995)
and Barnes et al. (1979) have published similar values measured at nearby Lake Sammamish (WA) and Lake
Washington (WA), respectively. Atmospheric 210Pb ﬂux is correlated to latitude, and this value corresponds
well with other measured ﬂuxes within 40–50°N (0.0155 ± 0.0075 Bq cm−2 yr−1; Baskaran, 2011). Since the
Oregon coast falls within this latitude range, we can assume that the steady state inventory of atmospheric
210
Pb is 0.24 ± 0.13 Bq cm−2.
210

The mean excess 210Pb inventory for all sediment cores was 0.53 ± 0.29 Bq cm−2. These locations were therefore net depositional. Although the average was similar to the expected excess 210Pb inventories if the radionuclide was primarily supplied by atmospheric ﬂux, ﬂuvially supplied excess 210Pb appeared to contribute
additionally to the inventories. The mean excess 210Pb inventory varied signiﬁcantly between estuaries
(Kruskal‐Wallis test, p = 5 × 10−4, n = 7) with the greatest mean value in Netarts (0.69 ± 0.35 Bq cm−2)
and the lowest in the Coquille (0.29 ± 0.19 Bq cm−2). The mean excess 210Pb inventory also varied signiﬁcantly between wetland types (Kruskal‐Wallis test, p = 3 × 10−5, n = 3), with the highest values in scrub‐
shrub wetland and high marsh, and the lowest values in low marsh and mudﬂat.
Our results are comparable to previously measured rates of accretion along the Oregon coast. Accretion
rates, measured using 137Cs, at tidal marsh sites in Siletz Bay, Coos Bay, and Coquille River Estuary (also
known as Bandon Marsh) averaged 3.3 ± 1.2 (n = 3), 3.3 ± 0.1 (n = 3), and 2.3 ± 0.2 (n = 3) mm yr−1, respectively (Thorne et al., 2018). The range of high marsh SARs in the Coquille was lower in our study (1.1 ± 0.2 to
1.8 ± 0.1 mm yr−1), possibly a result in differences between radiometric methods, especially challenges of the
137
Cs methods applied to Paciﬁc NW estuaries (Drexler et al., 2018). The range of SARs measured in the
Salmon River Estuary (1.2 ± 0.2 to 2.9 ± 0.3 mm yr−1) was lower than a previously measured rate of 3.0 ±
0.0 mm yr−1 (n = 2) by Thom (1992) along the northern edge of the estuary. The difference in SARs may
be because Thom's (1992) preliminary study obtained only two 137Cs‐derived vertical accretion rates that
were likely inﬂuenced by nearby dikes. Although dikes usually prevent inundation, thus slowing accretion
and causing elevation loss through OM oxidation, dikes may also alter local hydrodynamics, resulting in
increased sediment accumulation in nearby, unrestricted areas (Hood, 2004). It is also possible that in the
time between Thom's (1992) collection and this study's core collection, accretion rates may have slowed
within the least‐disturbed portions of the Salmon River Estuary.
In determining mean SARs representative of each estuary's tidal saline wetlands, heterogeneity within the
environment necessitates comprehensive sampling (Fourqurean et al., 2014). Between 4 to 14 cores returned
interpretable 210Pb proﬁles from the high marshes/scrub‐shrubs of each estuary. Even in the estuaries with
only four SARs, there was good agreement in accretion rates. In fact, there were no outliers of accretion rates
within each estuary except in the Salmon River Estuary (SR01; Grubb's test, α = 0.05), and this value was
excluded from mean rate calculations. Less heterogeneity within each estuary was therefore present than
expected. More studies are needed to assess the impact of sampling scheme (e.g., number of cores, transect
versus random sampling) on accuracy when determining mean SARs for the high marsh and an entire
PECK ET AL.
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Figure 5. (a) Location of each estuary along the Oregon coast. (b) Comparison of mean high marsh/scrub‐shrub sediment
accretion rate (SAR) depicted as a colored shape and relative sea level rise (RSLR) depicted as an open square for each
estuary. The sediment accretion error bars represent the standard deviation of the mean and the RSLR error bars represent
−1
propagated error. The dashed line indicates 0‐mm yr RSLR. (c) Trapping efﬁciency for each estuary calculated using
mean mass accumulation rates, tidal wetland areas, and estimated sediment loads. The error bars represent standard
propagation of error using the standard deviation of the mean mass accumulation rate. (d) Mean high marsh/scrub‐shrub
carbon accumulation rates (CAR). The error bars represent the standard deviation of the mean. The solid line and gray
−2 −1
dashed lines indicate the global mean and standard deviation 91 ± 19 g Corg m yr (IPCC, 2013).

estuary, as others have done for assessing the heterogeneity of salt marsh carbon stocks (van Ardenne
et al., 2018).
High marsh/scrub‐shrub SARs were statistically different between estuaries (Kruskal‐Wallis test, p = 0.01,
n = 7). Mean accretion rates for the high marsh/scrub‐shrub sites in Oregon ranged from 1.3 ± 0.3 mm yr−1
in Coquille River estuary to 2.9 ± 1.0 mm yr−1 in Nehalem Bay (Table 2). It is therefore apparent that differences in mean SARs among Oregon estuaries result from estuary‐speciﬁc variations in accretion rate drivers.
4.2. Oregon Tidal Saline Wetland Resistance to Drowning
Assessment of marsh vulnerability to drowning typically involves comparison of vertical accretion to the rate
of RSLR (e.g., Cahoon et al., 1996; FitzGerald et al., 2008; Reed, 1995). Along the Oregon coast, the northernmost and southernmost high marshes/scrub‐shrubs have kept pace with RSLR over the last century
(Figure 5b) and in some cases (i.e., Youngs, Nehalem, and Coquille), the mean high marsh/scrub‐shrub
SAR exceeds RSLR.
Interestingly, although relative sea level is actually falling within the Coquille River Estuary due to rapid
interseismic uplift (Burgette et al., 2009), SARs were positive in this area. Typically, under scenarios of negative accommodation space (i.e., regressions) coastal areas are expected to experience erosion. Although the
excess 210Pb inventory for this estuary was the lowest among the seven estuaries, it did not appear to be erosive given that the mean value fell well within the expected range of inventories for steady state atmospheric
input of 210Pb. As mentioned previously, Thorne et al. (2018) actually measured a higher mean SAR for the
Coquille. Furthermore, others have observed horizontal expansion of the tidal marsh in the lower Coquille
River Estuary during the past 150 years (Benner, 1992; Dicken et al., 1961). We therefore conclude that accretion in the Coquille River Estuary has greatly exceeded expected accumulation rates under falling sea level
(i.e., erosion). Possible explanations for the observed excess accumulation rates in Youngs, Nehalem, and
Coquille will be explored in the next section.
PECK ET AL.
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Along the central coast, lower mean SARs than estimated RSLR rates in Salmon and Alsea high marshes
indicated possible drowning or a lag in vertical growth. Although the difference in mean rates was not statistically signiﬁcant, the reason for this apparent instability could be that these estuaries are located along
the section of the Oregon coast that experiences the highest rates of RSLR. However, even 2.8 ± 0.8‐mm
yr−1 RSLR is not greatly higher than rates observed elsewhere where salt marshes are accreting at a pace
similar to or greater than RSLR (e.g., Kolker et al., 2009). Moreover, models predict that salt marshes are capable of SARs up to 50 mm yr−1 (Kirwan, Temmerman, et al., 2016).
Conversely, limited suspended sediment may inhibit accretion. Indeed, low suspended sediment concentrations are responsible for most cases of marsh drowning (e.g., Mississippi River Delta, Chesapeake Bay, and
Venice Lagoon; Weston, 2014) and models (e.g., Kirwan et al., 2010) have concluded that sediment availability strongly determines the maximum rate of sea level rise with which salt marshes may keep pace. However,
suspended sediment does not appear limited within these systems.
Rough estimates of the trapping efﬁciency of each wetland, calculated by comparing the total annual mass
accumulation rates (mean high marsh/scrub‐shrub Mass accumulation rate multiplied by tidal wetland
area) with mean annual ﬂuvial sediment load, revealed no dearth of suspended sediment in these systems
(Figure 5c). Tidal saline wetlands in Salmon and Alsea have trapped approximately 8 and 2% of available suspended sediment, respectively. Comparison to Netarts Bay is particularly revealing. Despite receiving only
2.5 × 103 t yr−1 of ﬂuvial suspended sediment and experiencing moderately fast RSLR (1.5 ± 1.0 mm
yr−1), Netarts tidal saline wetlands have a trapping efﬁciency of ~35% and appear to have kept pace with rising sea level. Thus, even considering uncertainty in estimating sediment‐trapping efﬁciency, it does not
seem likely that Oregon estuaries, including Salmon or Alsea, are sediment‐limited systems. Future studies
should examine other indicators of marsh drowning, including ponding, channel expansion, and horizontal
retreat (e.g., DeLaune et al., 1994; Mariotti & Fagherazzi, 2013; Watson et al., 2017) to conﬁrm these results.
Our results shed light on tidal saline wetland resilience to drowning in the face of twentieth‐century RSLR.
Projecting these results forward in time is complex. On one hand, salt marshes along the northern and southern Oregon coast appear resistant to drowning. RSLR rates in these areas are slow or even falling, high
marsh/scrub‐shrub SARs have kept pace with RSLR, and suspended sediment supply does not appear to
be a limiting factor. Vertical accretion rates at lower elevations are an additional indication of tidal wetland
resilience under future rates of RSLR (Kirwan, Temmerman, et al., 2016). High marsh/scrub‐shrub vertically
accretes to a high elevation within the tidal frame, thereby reducing frequent ﬂooding, but low marsh is
often inundated, simulating the stress of accelerated RSLR. Because low marsh accretion rates within
Youngs (2.0 ± 0.3 mm yr−1, n = 1), Nehalem (2.8 ± 0.4 mm yr−1, n = 1), and Coquille (1.9 ± 0.5 mm
yr−1, n = 1; Table 2) have kept pace with RSLR, these areas may continue accreting under such stress, avoiding future drowning.
Yet the relatively low accretion rates within the two estuaries experiencing the fastest rates of RSLR, despite
no clear sediment limitation, is troublesome. Low marsh SARs within Alsea (2.0 ± 0.2 mm yr−1, n = 3;
Table 2), though higher than high marsh SARs, were lower than RSLR, as well. Results of Thorne et al.
(2018) additionally predict widespread loss of high marsh by the end of the century along the Oregon coast
under high sea level rise scenarios. Future studies should focus on conﬁrming these results and determining
causes of observed drowning in Salmon and Alsea.
4.3. Drivers of Sediment Accretion
Models of salt marsh growth often assume a relationship between elevation and sediment accretion rate
(e.g., Fagherazzi et al., 2012; French, 2006; Morris et al., 2002; Swanson et al., 2014) based on empirical evidence (e.g., Cahoon & Reed, 1995; Stoddart et al., 1989; Temmerman et al., 2003). These relationships depict
decreasing sediment accumulation rate with increased elevation due to decreased hydroperiod higher in the
tidal frame. Moreover, high accretion rates related to in situ OM contribution may be expected at elevations
at which plant productivity peaks. Plant dry mass measured by “marsh organ” experiments of Juncus balticus, present in a number of Oregon high marshes (i.e., Nehalem, Netarts, Salmon, Alsea, and Coquille),
declines monotonically with increased inundation (Janousek et al., 2016).
Despite these possible relationships between accretion and elevation, comparison of high marsh/scrub‐
shrub SARs as a function of z* for Oregon estuaries produced no distinct relationship (Figure 6a);
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Figure 6. Lack of relationship between relative elevation (z*) and (a) sediment accumulation rate (SAR) and (b) organic
carbon burial rate (CAR) measured within high marsh‐scrub shrub sediment cores from different Oregon estuaries. Error
bars indicate the error of the rate estimate.

correlation between these two variables revealed no dependence (Spearman's rank correlation, ρ = −0.2,
n = 47). Within each estuary, local variations in vegetation assemblage, above‐ground and below‐ground Corg
production, allochthonous Corg accumulation, channel density, and surface ﬂow velocities may obscure any
obvious elevation trends. Additionally, a wider range of elevations may be necessary to produce a clear
relationship. Acquiring additional SAR data at low elevations may be challenging given the low percentage
(10% and 50%) of interpretable excess 210Pb proﬁles for mudﬂats and low marshes, respectively.
Our results call for a reassessment of the approach and results of Thorne et al. (2018), who predict extensive
conversion of U.S. West Coast tidal wetlands to unvegetated habitat by the end of the twenty‐ﬁrst century
under high sea level rise scenarios. At a minimum, the lack of a clear relationship between SAR and elevation in our data suggests that determining such a relationship requires numerous, well‐distributed measurements. To parameterize their model, Wetland Accretion Rate Model of Ecosystem Resilience (Swanson
et al., 2014), Thorne et al. (2018) used empirical relationships of mineral and carbon accumulation rates
as a function of elevation relative to mean tide level. The empirical relationships were based on work conducted in San Francisco Bay by Swanson et al. (2014) and were calibrated within each estuary based on measured accumulation rates. However, Thorne et al. (2018) calibrated the empirical relationships using only
three 137Cs‐derived accretion rates within each of the three Oregon estuaries—Siletz, Coos, and Coquille.
The elevations of these cores varied by only 0.5 to 1.4 m. Given that the Wetland Accretion Rate Model of
Ecosystem Resilience model employed by Thorne et al. (2018) predicts elevation changes in relation to sea
level by incorporating mineral sediment accumulation rates at different elevations, this relationship should
be region‐speciﬁc and calibration data must span a greater elevation range.
Given that mean SARs were higher than RSLR within Youngs, Nehalem, and Coquille, it appears that tidal
saline wetland accretion must be controlled by a variable other than elevation. Logically, we turn to suspended sediment load.
A comparison of accretionary balance (the difference between SAR and RSLR; Callaway et al., 1996) and
relative sediment load would presumably produce a positive relationship in which excess accretion could
be explained by high sediment supply. Alsea and Salmon were excluded from this analysis as both high
marshes had negative accretionary balances, and thus appear to be drowning. Youngs River Estuary was also
not included in the correlation. Youngs River Estuary, which has an approximately stable RSLR (0.3 ± 1.1
mm yr−1), has accreted at a mean rate of 2.5 ± 0.7 mm yr−1 within the high marsh/scrub‐shrub, which is
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Figure 7. The relationship between the accretionary balance, which is the high marsh/scrub‐shrub sediment accretion
rate minus relative sea level rise (RSLR), and the sediment load (estimated by the USGS SPARROW model; Wise, 2018)
relative to estuary area. Within each box, the central mark indicates the median, while the top and bottom of the box
indicate the 25th and 75th percentiles, respectively. The whiskers on each box indicate the spread of the data excluding
outliers. The “cross” symbol represents an outlier (SR01). The black, dashed line depicts the correlation between accretionary balance and relative sediment load, and the gray dashed lines depict the 95% conﬁdence bounds. Youngs River
Estuary, colored gray, and Alsea Bay and Salmon River Estuary, colored red, were not included in the correlation.

8 times faster than the estimated RSLR. Inherent in our comparison of accretionary balance to ﬂuvial
sediment load relative to estuary area was the assumption that no additional sediment is supplied through
inlets or resuspended from within the estuaries. This assumption was particularly unlikely within Youngs
as the bay shares an inlet with the Columbia River Estuary, with a load of roughly 10 Mt yr−1 (Milliman
& Syvitski, 1992). Considering the apparent underestimation of suspended sediment load within Youngs
River Estuary, the sediment trapping efﬁciency (10%) was likely overestimated.
Correlation between Nehalem, Tillamook, Netarts, and Coquille revealed that, indeed, there exists a strong,
positive relationship between excess accretion and relative sediment load (Spearman's rank correlation, ρ =
0.7, n = 28; Figure 7). Our results add additional weight to previous ﬁndings that suspended sediment supply
imposes a control on SAR (e.g., Colman & Bratton, 2003; Day et al., 2000; Gunnell et al., 2013; Kirwan et al.,
2011). Furthermore, our results suggest that other regions with positive accretionary balances such as those
observed in the compilations of Kirwan, Temmerman, et al. (2016) and Crosby et al. (2016) may be related to
high suspended sediment supply, and future studies should seek to test this hypothesis.
Models of marsh platform accretion typically calculate additions to sediment volume as the sum of OM and
mineral contributions (e.g., Allen, 2000; Fagherazzi et al., 2006; Fagherazzi et al., 2012; Kirwan et al., 2010;
Kirwan, Walters, et al., 2016; Mariotti & Fagherazzi, 2010; Schile et al., 2014), the latter of which is determined by the depth‐averaged suspended sediment concentration and the settling velocity integrated over
the duration of ﬂooding. These models tend to predict that under increased rates of RSLR, and thus
increased duration of ﬂooding, sediment accretion, especially facilitated through mineral deposition, will
increase given no dearth of suspended sediment. What then, would we predict in instances in which relative
sea level is neutral or falling? Based on these models, it logically follows that no accretion would occur.
Despite this hypothesis, high marshes/scrub‐shrubs in both Youngs and Coquille, which experience RSLR
rates of 0.3 ± 1.1 and −1.4 ± 0.9 mm yr−1, respectively, are accreting apparently as a result of high annual
average suspended sediment loads relative to estuary area. One possible explanation for continued
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sediment accumulation under these RSLR conditions, which requires further investigation along the Oregon
coast, is that storms and other episodic, high‐water events (e.g., exceptionally high tides) may play an important role in controlling long‐term accretion, as others have observed (e.g., Cahoon, 2006; Castagno et al.,
2018; Goodbred & Hine, 1995; Reed, 1989; Turner et al., 2006; Tweel & Turner, 2014) and as some are incorporating into morphodynamic models (Schuerch et al., 2013). Models of tidal wetland morphodynamics thus
require better integration with data collected from ﬁeld observations and experiments, especially in locations that have high capacity to expand our limits of understanding (Wiberg et al., 2020), such as those that
exhibit relative sea level fall and highly episodic sediment ﬂuxes.

4.4. Blue Carbon Burial Rates
Although the importance of Corg burial in tidal saline wetlands within global carbon budgets is widely recognized, many coasts, including that of Oregon, lack published data. To our knowledge, our results are the ﬁrst
published rates of carbon burial within Oregon. Moreover, we provide data for the comparatively understudied tidal saline wetland type—scrub‐shrub wetlands.
Mean sediment carbon density in vegetated sites averaged 0.034 ± 0.011 g Corg cm−3, similar to both the conterminous U.S. mean of 0.027 ± 0.013 g Corg cm−3 (Holmquist et al., 2018a) and the global mean of 0.039 ±
0.003 g Corg cm−3 for tidal wetlands (Chmura et al., 2003). The mean carbon burial rate within the high
marshes/scrub‐shrubs of all estuaries, 81 ± 36 g Corg m−2 yr−1, was additionally comparable to the global
burial ﬂux of 91 ± 19 g Corg m−2 yr−1 (IPCC, 2013; Figure 5d). Previous compilations of global tidal saline
wetland carbon burial rates have used California data as representative of the entire U.S. West Coast (e.g.,
Chmura et al., 2003; Ouyang & Lee, 2014). However, Oregon tidal saline wetlands have accumulated carbon
at roughly half the rate of 174 ± 45 g Corg m−2 yr−1 extrapolated for the Paciﬁc Northwest based on
California data (Ouyang & Lee, 2014). This discrepancy could be a result of relatively slower RSLR rates
in Oregon estuaries, disagreement in classiﬁcation of wetland types resulting in dissimilarity in tidal elevation of sampled wetlands, differences in the degree of disturbance, or latitudinal variation in temperature
and productivity (Ouyang & Lee, 2014). As many others have suggested (e.g., Chmura, 2013; Mcleod
et al., 2011), full knowledge of the role of coastal vegetated habitats in the global carbon cycle requires more
measurements of blue carbon burial globally. Future assessments should include more measurement within
scrub‐shrub wetlands, especially considering the comparatively high rate of carbon burial (120 ± 30 g Corg
m−2 yr−1) within this wetland type.
Disentangling the relative drivers of tidal saline wetland CARs is challenging given the complexity of these
systems. Accumulated organic matter may either be allochthonous, sourced from tidal or storm deposits as
the organic fraction of accumulating sediment, or autochthonous, produced in situ by above‐ and below‐
ground plant productivity. Net accumulation is also impacted by removal through erosion and decomposition. Because CARs are calculated as products of sediment Corg density and SAR, we look to these
variables ﬁrst.
SARs were strongly, positively correlated with rates of carbon burial (R2 = 0.49), and others have found a
similar relationship (e.g., Callaway et al., 2012; Chmura et al., 2003; Morris et al., 2016). But because this
relationship is simply a correlation, the dependence between CAR and SAR may alternatively be interpreted
as CARs drive SARs, especially since increasing OM deposition must necessarily increase sediment volume
(Morris et al., 2016). However, CARs were less‐well correlated with mean surface values of carbon density
(R2 = 0.33), indicating that factors driving SARs may be primarily inﬂuencing CARs in Oregon estuaries.
Indeed, comparison of CARs as a function of z* for Oregon estuaries produced no distinct relationship
(Figure 6b), and correlation between these two variables revealed no apparent dependence (Spearman's rank
correlation, ρ = −0.1, n = 7). Since both ρDB and Corg content showed a clear elevational inﬂuence (Figure 3),
local variations in ecogeomorphic processes that impact SAR must have obscured any obvious elevation
trends in CARs. Moreover, mean surface Corg contents were not statistically distinct between estuaries
(Kruskal‐Wallis test, p = 0.07, n = 7) while both CARs and SARs were signiﬁcantly different between estuaries (Kruskal‐Wallis test, p = 0.02, n = 7 and p = 0.01, n = 7, respectively). Thus, within Oregon estuaries,
SAR and the factors inﬂuencing SAR—RSLR and relative sediment load—primarily controlled CAR.
Because accretion rates appeared partially controlled by RSLR, as relative sea level rises and Oregon tidal
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saline wetlands respond with increasing SARs, CARs may additionally rise so long as suspended sediment
remains available.

5. Conclusions
We utilized the Oregon coast as a natural laboratory, measuring sediment accumulation and blue carbon
burial rates over the last century within a range of tidal saline wetland types of seven estuaries that vary
in both RSLR and relative sediment load. Firstly, our measurements greatly improve our understanding of
both accretion rates (0.8 ± 0.2 to 4.1 ± 0.2 mm yr−1) and blue carbon burial rates (19 ± 4 to 160 ± 20 g
Corg m−2 yr−1) along the Oregon coast, providing much needed data to regional researchers, land managers,
and policy makers. Results indicated that most Oregon marshes have maintained a positive accretionary balance, with the exception of those in the central coast, which may be a result of comparatively high rates of
RSLR. Also, our data supplement global assessments of tidal saline wetlands as we measured accumulation
rates under relatively low RSLR rates (−1.4 ± 0.9 to 2.8 ± 0.8 mm yr−1) and high relative sediment loads (0.23
to 17 × 103 t km−2 yr−1). We additionally empirically demonstrated that sediment accumulation rates do not
appear driven by elevation in Oregon tidal saline wetlands, but rather in instances in which marshes are not
drowning, vertical accretion appears to be linked to both RSLR and suspended sediment supply. Lastly, blue
carbon burial in Oregon is primarily controlled by sediment accretion rate, and thus, as sea level rise accelerates, carbon accumulation will increase so long as tidal saline wetlands maintain positive
accretionary balances.
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