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Abstract
Estuaries worldwide have been altered by anthropogenic modifications including land clearing, dredging, and land 
reclamation, which impact sediment routing and accumulation on tidal flats. Numerous studies have explored tidal flat 
and marsh vulnerability to submergence or “drowning” under accelerating sea-level rise, but recent work along the 
Oregon coast suggests estuaries are maintaining positive accretionary balances (at least in marshes) despite ongoing 
sea-level rise. In this study, accretion rates (sediment accumulation rates) were evaluated from 210Pb profiles at eight 
sites on broad intertidal flats in Coos Bay, one of the largest estuaries on the U.S. West Coast and a site of substantial 
development and logging since the mid-1800s. Based on the century-scale record of sediment accretion represented 
by 210Pb profiles, tidal flats have been accreting at rates of ~ 1–3 mm/yr with little spatial relationship to relative 
sea-level rise or patterns of tectonic uplift. Thus, accretion is generally not accommodation- or supply-limited, and 
therefore likely not regulated by sea-level rise. Peaks in sediment accretion are well-preserved from the last 30 years, 
and accretion rates averaged over this more modern time span tend to be four times greater than rates averaged over 
the whole-core (century-scale) 210Pb records. It is unclear whether the higher, more modern rates represent a real 
change in estuarine accretion patterns over the past decades or a Sadler effect (i.e., an apparent but not real increase 
in accretion in younger sediments). The results highlight the spatial variability in accretion rates within a single estu-
ary, the potential resiliency of this tectonically active estuary to sea-level rise (in the form of a positive accretionary 
balance), and raise the issue of whether management decisions are best made based on century-scale accretion rates 
or multi-decadal accretion rates.
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Introduction

Increased rates of eustatic sea-level rise during the Anthro-
pocene have prompted growing concern about some salt-
marshes and intertidal flats “drowning,” meaning that areas 
which are presently intertidal may become subtidal (or may 
become submerged for longer periods of time each day or 
fortnight), with impacts for ecological services (Breda et al. 
2021; Kirwan and Megonigal 2013; Thorne et al. 2018). 
Sediment supply is a primary driver of vertical accretion in 
many estuaries; when sediment supplies are high, tidal flats 
accrete rapidly at rates outpacing the creation of accom-
modation space through relative sea-level rise (RSLR; e.g., 
Thorne et al. 2018). Anthropogenic activities in adjacent 
watersheds such as land clearing for timber or agriculture 
can increase sediment supplies and promote resilience of 
intertidal areas (e.g., Gunnell et al. 2013; Rodriguez et al. 
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2020), while cessation of these activities or damming can 
reduce sediment supplies and lead to increased submergence 
of flats and marshes that had expanded as a result of anthro-
pogenic landscape disturbance (e.g., Noe et al. 2020).

Within an estuary, other developments such as dredging or 
shoreline hardening can alter estuarine hydrodynamics and 
thus alter patterns of sediment delivery, deposition, and ero-
sion beyond what a change in supply can accomplish. In some 
cases, these developments reduce the amount of sediment 
transferred to intertidal flats, thus slowing accretion rates (van 
Dijk et al. 2021). When these changes are combined with cli-
mate shifts (e.g., changing precipitation patterns) and super-
imposed on regional geologic processes (e.g., tectonic uplift), 
the result is variable records of sediment accumulation even 
within a single estuary, which can confound efforts to project 
future tidal flat accretion. In this study, we explore temporal 
and spatial variability in sediment accumulation within the 
Coos Estuary in Oregon. Sediment accumulation (accretion) 
in this estuary has been impacted by multiple perturbations 
in the last century including timber harvests, dredging, land 
reclamation, and tectonic uplift, and in the past few centuries 
by tectonic subsidence related to a year 1700 earthquake (e.g., 
Percy et al. 1974; Borde et al. 2003; Ivy 2015; Burgette et al. 
2009; Nelson et al. 1998), making it a valuable study site for 
best practices in evaluating tidal flat accretion history from 
sediment cores. Based on hydrodynamic and sediment mod-
eling of the estuary, dredging and reclamation projects have 
increased net sediment retention through changes in hydro-
dynamics independent of any changes in sediment supply 
(Eidam et al. 2021), but this has not been validated through 
observational sedimentary records.

To assess the impacts of these types of perturbations on 
sediment accretion in the Coos Estuary and assess century-
scale changes in accretion, sediment accumulation rates 
(SARs) and mass accumulation rates (MARs) were assessed 
using cores spanning the estuary from the mouth to the 
freshwater zone. Rates were calculated for each core inter-
val using an age model, and then depth-averaged rates were 
calculated using a weighted mean for the entire core as well 
as the most recent 30-year periods to assess how the time-
scale of analysis impacts the accretion-rate estimates. This 
research (1) illustrates how different regions of the estuary 
respond to watershed and estuary disturbances, (2) explores 
whether sea-level rise exerts a major control on accretion in 
this tectonically active estuary, and (3) explores what time-
scale of averaging is suitable for interpretations of mean 
accretion rate. Estuarine wetlands are critical environments 
for human economies and natural ecosystems; understanding 
their behavior to different perturbations is key to maintaining 
and restoring healthy estuaries and predicting future trajec-
tories of sediment accretion.

Regional Setting

The Coos Estuary encompasses 54 km2 (Rumrill 2007) and 
is the largest estuary between the Columbia River and San 
Francisco Bay (Fig. 1). Large estuaries are sparse in this 
region due to tectonic uplift, which forms small, steep water-
sheds characterized by high sediment yields and episodic 
seismic activity. Coos Bay has been developed as a port for 
fishing and timber export since the mid-nineteenth century 

Fig. 1   Map of coring locations 
and regional context. A Loca-
tion of Coos Bay on the Oregon 
Coast. B Coring locations 
within Coos Bay. The black out-
line denotes the South Slough 
Watershed
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resulting in an extensive history of modification, especially 
in the last ~ 150 years (Borde et al. 2003; Ivy 2015; Johnson 
et al. 2019; Eidam et al. 2021). The South Slough National 
Estuarine Research Reserve, established in 1974, protects 
26 km2 of the watershed from development (Rumrill 2007; 
Fig. 1).

The main part of the estuary is the horseshoe-shaped 
drowned river valley of the Coos River, which includes 
broad intertidal sand and mud flats as well as a dredged 
channel (> 11 m deep) on the east side, and a single deep 
channel bordered by narrower tidal flats on the west side 
(Fig. 1; Maddin 1995). South Slough is a shallow subem-
bayment near the mouth of the estuary with a maximum 
depth of ~ 5.5 m. In the main channel, tidal amplitudes range 
from ~ 1.4 to 2.5 m (Eidam et al. 2020). Coos Bay and South 
Slough receive fresh water from ~ 30 small streams and riv-
ers (Coos Watershed Association, https://​coosw​aters​hed.​
org/) that receive high rainfall during winter storms and 
atmospheric river events (Saldías et al. 2020). Discharge 
from the Coos River (the largest freshwater source) varies 
seasonally from 1 m3/s in the summer to > 300 m3/s in the 
winter. Local watersheds are characterized by low forested 
hills, which have been the site of an active timber indus-
try that peaked in the 1970s when > 80% of the drainage 
basin was under management for timber harvest (Percy et al. 
1974). Some logging continues today (Port of Coos Bay, 
2018).

Rates of relative sea-level rise are low and variable due to 
ongoing tectonic uplift. Based on tide gauge data, the mean 
RSLR rate at Charleston (Fig. 1B) was 0.98 ± 0.64 mm/
yr between 1970 and 2022 (NOAA 2022). Uplift rates 
throughout Coos Bay and South Slough range from 0.61 
to 1.94 mm/yr (Burgette et al. 2009; Fig. 2A). Based on 

the rate of RSLR at Charleston and nearby measured uplift 
rates (each < 1 km east or west of the Charleston tide gauge) 
of 1.99 and 2.03 mm/yr, the rate of eustatic sea-level rise 
(SLR) at Charleston is assumed to be 2.99 mm/yr (0.98 mm/
yr + 2.01  mm/yr). To obtain approximate RSLR rates 
throughout the estuary, the uplift rates provided by Burgette 
et al. (2009) were subtracted from the calculated SLR rate 
of 2.99 mm/yr at Charleston (Fig. 2B).

The most recent large seismic event (the Cascadia Earth-
quake, 1700) generated a tsunami, approximately 1 m of 
subsidence, and deposition of sand within the estuary (Nel-
son et al. 1998; Hawkes et al. 2011). This event may have 
caused the extirpation of native Olympia oyster (Ostrea 
lurida), which continues to have low and unstable popula-
tion numbers despite restoration efforts (Groth and Rumrill 
2009). In the present day, reefs and oyster aquaculture sup-
porting non-native Crassostrea gigas oysters occur through-
out the estuary and prominent eelgrass (Zostera marina) 
beds occur on tidal flats from the mouth of the estuary to 
North Bend and in South Slough (Groth and Rumrill 2009; 
Rumrill and Sowers 2008). In recent years, declining popu-
lations have generated interest in the impacts of sediment 
accretion on populations of native oysters and eelgrass in 
Coos Bay (Rumrill and Sowers 2008; Anderson 2020).

Prior to estuary development, the Coos River intersected 
the bay as a network of distributary channels across the 
broad eastern tidal flats. Dredging projects rerouted the river 
mouth to connect more directly with the main navigation 
channel starting in the early 1900s (see Eidam et al. 2020). 
The main channel continues to be dredged (USACE, 2015). 
River rerouting, dredging, and reclamation of intertidal areas 
through dredge spoil disposal and infrastructure projects 
have impacted the hydrodynamics, tidal range, and sediment 

Fig. 2   Uplift rates and RSLR 
rates in the Coos Bay region. 
A Uplift rates across Coos Bay 
(Burgette et al. 2009). B Cor-
responding approximate RSLR 
rates for the Coos Bay Region

https://cooswatershed.org/
https://cooswatershed.org/
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dynamics in the estuary. The estuary turbidity maximum 
(ETM) has strengthened, deposition in the navigation chan-
nel has increased, and more sediment is now delivered to the 
northern end of the east flats because of changes in the ETM 
dynamics (Eidam et al. 2020, 2021). Based on model results 
(Eidam et al. 2021) and four cores collected in marginal 
areas (in South Slough and Haynes Inlet; Mathabane 2015 
and Johnson et al. 2019), these changes may be related to an 
increase in net sediment retention, though spatial variability 
in sediment accretion trends is not well-constrained.

Methods

Core Collection and Analyses

In May 2021, 14 cores of ~ 12–100 cm in length were col-
lected from shallow subtidal areas and intertidal flats across 
Coos Bay (Fig. 1; Table 1). Subtidal cores were collected 
using a 10-cm diameter push coring device operated by hand 
from a boat. Tidal flat cores were collected using a 6-cm 
diameter Russian peat corer. Compaction during collection 

Table 1   Coring site characteristics and analyses performed on each core (Pb, 210Pb activity; GS, grain size; LOI, loss-on-ignition; analyses were 
performed on selected intervals as noted in results figures in the text and supplemental)

Site name Site description Vegetation presence Lon Lat Distance up-
estuary from 
jetties (km)

Water depth relative 
to mean sea level, 
NAD 83 datum (m)

Analyses

South Slough
Charleston (CH) Tidal flat; shell 

debris, sandy mud
Dense eelgrass 

nearby
 − 124.324 43.331 4.4 1.2 Pb, GS, LOI

Brown’s Cove (BC) Tidal flat Sparse eelgrass, 
much Ulva; cored 
in bare area

 − 124.323 43.320 5.0 1.3 Pb, GS, LOI

Crown Point (CP) Tidal flat No eelgrass  − 124.321 43.314 6.53 2.1 Pb, GS
Kunz Marsh (KM) Unvegetated tidal 

flat
Algae, no eelgrass  − 124.322 43.283 8.92 1.8 Pb, GS, LOI

Coos Bay
Clam Island (CI) Sandy flat, clams 

nearby
Dense eelgrass in 

vicinity
 − 124.312 43.371 3.50 1.4

North Spit (NS) Small, sandy flat Dense algae  − 124.279 43.416 9.35 1.7
Trans-Pacific Cause-

way (TPC)
Subtidal core on 

submerged flat; 
very soft sediment

No vegetation 
detectable from 
vessel

 − 124.232 43.437 13.6 1.4 GS, LOI

North Point (NP) Subtidal core on 
sandy submerged 
flat

No vegetation 
detectable from 
vessel

 − 124.219 43.430 14.2 1.9

Kentuck Flats (KF) Large tidal flat; 
cored near small 
inlet channel

Areas of dense eel-
grass in vicinity

 − 124.210 43.418 15.4 1.5 Pb, GS

East Flats 2 (EF2) Subtidal core near 
areas of oyster 
aquaculture in 
middle of large 
eastern flats

No vegetation 
detectable from 
vessel

 − 124.202 43.402 18.0 1.8 Pb, GS, LOI

East Flats (EF) Subtidal core on 
edge of flat near 
the pre-dredging 
main river channel

Algae on surface of 
core

 − 124.192 43.388 19.8 1.4 GS

Bull Island (BI) Large, muddy tidal 
flat

No vegetation  − 124.190 43.376 22.1 0.62 Pb, GS, LOI

Isthmus Slough (IS) Muddy tidal flat 
with abundant 
woody debris

Minor algae, no 
eelgrass

 − 124.201 43.328 26.6 1.4 Pb, GS, LOI

Coos River (CR) Small tidal flat 
alongside river 
channel

Bare mud  − 124.105 43.378 30.6 2.2 GS, LOI
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was considered minimal because a Russian peat corer was 
used at most sites (which samples sediments using a split 
soon, which causes little to no compaction) and push cores 
were relatively short (see further discussion in Supplemen-
tal Section D). Cores collected using a Russian peat corer 
were subsampled in 1-cm increments in the field and com-
bined with a second core collected within a 30-cm radius of 
the first core to ensure sufficient material for analyses. All 
cores were subsampled into 1-cm increments and analyzed 
for porosity, dry bulk density, grain-size distributions, and 
organic content. Eleven cores that had sufficient fine-grained 
sediment were also analyzed for 210Pb activities, and eight 
of these yielded useful profiles (the remaining three were 
heavily mixed; see the “Results” section).

Subsamples were weighed, freeze-dried for > 48 h to 
ensure complete dryness, and reweighed to determine poros-
ity and dry bulk density. Approximately 50% of each sample 
was saved as unseparated bulk material and was analyzed 
for grain-size distributions using a laser diffraction particle 
sizer, and for organic content using a loss-on-ignition (LOI) 
procedure (samples were combusted in glass vials in a muf-
fle furnace at 550 °C for 5 h; weighing and desiccation were 
conducted pre- and post-combustion). The remaining 50% 
of each sample was hand-sieved to obtain the fine fraction 
(< 63 µm) that was used for radioisotope analysis.

210Pb Dating, Interpolation, and Age Modeling

Total activities of 210Pb from eleven cores were measured 
using an acid digestion and alpha spectroscopy procedure 
at the University of North Carolina at Chapel Hill (e.g., 
Nittrouer et al. 1979). Selected subsamples (from 1-cm 
sections cut in the field) were dried and sieved at 63 µm, 
and ~ 1.5 g of fine-grained material (silts and clays) was 
used for analyses. (The topic of grain size in relation to 
210Pb activities is well-addressed by He and Walling 1996 
and Zhang et al. 2023) Initially, subsamples were selected 
at 5-cm intervals down-core, but some additional samples 
were also analyzed from areas of interest such as the top 
and bottom of the cores and areas of apparently rapid accu-
mulation within each core. To improve data density, 210Pb 
activities were interpolated between measured intervals 
using the exponential interpolation equation described by 
Appleby (2001).

Within the seabed, the total activity of 210Pb decays 
from a high concentration at the surface to a background or 
“supported” in sediments older than ~ 125 years (the depth 
to this zone is called the “depth to background” of the core; 
Brush et al. 1982). In this study, we used the minimum 
210Pb value below the zone of decay as the supported 210Pb 
value (see Table 2). It is worth noting that some research-
ers use 226Ra (measured using gamma spectroscopy) as a 
proxy for supported 210Pb, because the two isotopes are in 

secular equilibrium below the zone of 210Pb decay. How-
ever, this approach is problematic because 210Pb activi-
ties measured by alpha spectroscopy represent the isotope 
present on particle surfaces (or surface coatings), whereas 
gamma spectroscopy measures decay of isotopes on par-
ticle surfaces and within the mineral matrix itself—and 
thus, gamma-derived values supported 210Pb activity are 
expected to be systematically higher than alpha-derived 
values (e.g., Nittrouer et al. 1979; Zaborska et al. 2007). 
However, using 226Ra is advantageous if there is ambiguity 
about whether the core length exceeds the depth to back-
ground (i.e., if there is concern that there is still excess 
210Pb present throughout the core). In this study, one to 
two samples per core from different depths (e.g., near the 
surface and near the bottom of the core) were analyzed for 
226Ra activities using gamma spectroscopy in broad-energy 
Germanium (BEGe) well detectors. While the 226Ra activi-
ties were systematically higher than supported 210Pb values 
measured from the alpha process (Supplemental Table S1), 
the 226Ra values (from gamma spectroscopy) and supported 
210Pb values (from alpha spectroscopy) exhibited a linear 
relationship for all cores (Supplemental Fig. S1), suggest-
ing that the core lengths did indeed exceed the depth to 
background, and use of the minimum 210Pb activity below 
the zone of decay as the supported value is a valid choice.

To calculate isotope inventories and sediment mass accu-
mulation rates, excess 210Pb values (i.e., the total 210Pb activ-
ity minus the supported 210Pb activity) were assumed to rep-
resent a homogenous value within each subsample interval. 
Total areal dry mass for the interval was then calculated 
from the dry bulk density to obtain the interval inventory of 
210Pb (see Sanchez-Cabeza and Ruiz-Fernandez, 2012). In 
some cores, the surface interval of the core (0–1 cm) pro-
vided insufficient fine sediment for analysis due to a large 
fraction of coarse sediments (i.e., sands). In these cases, the 
surface activity of the core was interpolated using a linear 
estimation from the four measured (non-interpolated) values 
closest to the surface.

Age modeling for the cores was performed using the 
Constant Flux (CF) model (which originated as the Con-
stant Rate of Supply model; see Appleby and Oldfield 1978; 
Appleby 2008; Sanchez-Cabeza and Ruiz-Fernandez, 2012; 
Arias-Ortiz, 2018). This model was selected because the 
assumptions of the Constant Activity or Constant Incoming 
Concentration model (Robbins 1978) and Constant Flux, 
Constant Sedimentation model (Krishnaswamy et al. 1971) 
were not met in this estuary due to (1) varying sediment 
accretion rates or bioturbation (see Results) and (2) varying 
salinities throughout the period of interest (see Eidam et al. 
2020). To obtain a long-term mean sediment accretion rate, 
the annual SARs obtained from the CF model were aver-
aged over the entire core as well as over the most recent 
30 years of the sedimentary record (which may be more 
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relevant to modern management applications). This averag-
ing was done using a weighted approach: for each interval, 
the SAR for that interval was multiplied by the time frame 
represented by that interval. The results were summed and 
divided by the total amount of time represented by all inter-
vals considered.

Results

Grain Size

Grain-size distributions varied spatially across the Coos 
Estuary, as well as vertically within some cores (repre-
senting temporal variation; Table 2, Fig. 3). Spatially, 

Fig. 3   Down-core clay/silt/sand 
fractions for 11 sites illustrated 
in Fig. 1. A Charleston. B 
Brown’s Cove. C Crown Point. 
D Kunz Marsh. E Trans-Pacific 
Causeway. F Kentuck Flats. G 
East Flats 2. H East Flats. I Bull 
Island. J Isthmus Slough. K 
Coos River. Sites are arranged 
by South Slough in the top row 
(seaward to landward) and the 
main estuary in the bottom two 
rows (also seaward to land-
ward). In both South Slough 
and the main estuary, there is 
a general trend of fining in the 
landward direction (e.g., finer 
sediments occur near river 
sources). Some cores exhibited 
down-core trends in grain size 
(i.e., temporal variability)
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sediments coarsened seaward (Fig. 3). Depth-averaged 
median grain sizes (d50) ranged from ~ 23–25 µm (silt) 
at Isthmus Slough and Kunz Marsh in the upper estuary 
to ~ 170 µm (fine sand) at Charleston near the estuary 
mouth (Table 2).

Sediment sizes at most sites coarsened through time. 
Isthmus Slough and Kunz Marsh, which are fine-grained 
sites (dominantly silt), exhibited a 19–35% increase in 
depth-averaged d50 between 1880–1910 and 1990–2021 
(Fig.  3). Mixed sand/silt sites exhibited 13–101% 
increases in depth-averaged d50, except for Kentuck Flats 
which exhibited an 11% decrease.

Organic Content

Organic matter fractions assessed using loss-on-ignition 
(LOI) were relatively low across the estuary and varied 
spatially (together with grain size) along the freshwater 
to marine gradient. Sites with coarser sediments near the 
marine end (North Spit, Charleston, Crown Point) dis-
played organic fractions as low as 0.01 (or 1%; Fig. 4). 
Conversely, sites with finer sediments closer to fresh-
water inputs (Kunz Marsh, Catching Slough, Isthmus 
Slough) displayed higher fractions (~ 0.08–0.15). In 
several cores, peaks in organic content coincided with 
woody debris layers. The presence of eelgrass in the 
vicinity of some cores did not appear to correspond to 
variations in organic content—unvegetated mid-estuary 
sites such as Bull Island had organic values compara-
ble to vegetated mid-estuary sites such as Trans-Pacific 
Causeway (though cores were not collected in eelgrass 
beds; see Table 1, Fig. 4).

210Pb Activity Profiles and Sediment Accumulation 
Rates

Of the 14 cores collected from across the Coos Estuary, 
11 had sufficient fine-grained sediment to warrant iso-
tope analyses (i.e., at least 1 g of dried, fine-grained sedi-
ment < 63 µm in size per 1-cm subsample). Three of these 
cores (Trans-Pacific Causeway, East Flats, and Coos River) 
exhibited extensive mixing or disturbance within the cores 
and were not used for accumulation-rate analyses because of 
distortions in the 210Pb profiles. High levels of disturbance 
and problems creating geochronologies in tidal-flat samples 
have been noted in other Oregon estuaries (Peck et al. 2020). 
The remaining eight cores exhibited wide variations in 210Pb 
activities, depths to background, and sediment accumulation 
rates (see detailed results in Figs. S2–S11).

Total 210Pb activities were typically less than 5 dpm/g 
(Fig. S2), which is comparable to or somewhat lower than 
values obtained in other estuaries in this region (e.g., Boldt 
et  al. 2013; Peck et  al. 2020). (Note that activities are 
reported in dpm/g as is common in the literature; these val-
ues can be converted to Bq/kg using the factor of 1 Bq = 60 
dpm.) Background activities (generated by in situ 210Pb pro-
duction from decay within minerals) were interpreted to be 
0.47 to 1.3 dpm/g based on 210Pb activities below the region 
of 210Pb decay (see the “210Pb Dating, Interpolation, and Age 
Modeling” section and Table 2), and excess 210Pb activities 
ranged from 0 to 4 dpm/g (Fig. S3; Eidam et al. 2023). In 
general, surficial 210Pb activity was greater at sites of higher 
salinity (sites closer to the estuary mouth), as is expected 
due to the low atmospheric flux of 210Pb to this region and 
the relatively high marine 210Pb activities in the Northeast 
Pacific (Carpenter et al. 1981; Zhang et al. 2021).

The shapes of excess 210Pb decay profiles and calculated 
SARs and MARs were variable among cores (Figs. S2–S11). 
Some cores exhibited peaks in excess 210Pb activity at mul-
tiple depths (e.g., Brown’s Cove, Bull Island, Kentuck Flats, 
and especially Crown Point; Fig. S3). Other sites exhibited 
a very shallow depth to background (e.g., Charleston and 
Isthmus Slough). Kunz Marsh exhibited variable 210Pb in 
the upper 20 cm which was interpreted as evidence of mix-
ing (Fig. S3H). Crown Point exhibited an anomalous peak 
at ~ 68 cm depth (Fig. S2D). In all cores, however, there was 
an obvious isotope decay signal with depth.

The CF age model yielded interval-by-interval SARs 
ranging from 0 to more than 30 mm/yr and MARs rang-
ing from 0 to more than 20 g/cm2/yr (Figs. S4–S11). The 
weighted-mean SARs from entire profiles (dating back to 
the 1800s) ranged from 1.1 ± 0.051 to 2.9 ± 0.24 mm/yr, 
and the weighted-mean MARs ranged from 1.0 ± 0.052 to 
8.3 ± 0.29 g/cm2/yr.

Sediment (and mass) accumulation rates varied spatially. 
For example, the core collected from a small tidal flat in 

Fig. 4   Spatial distribution of organic fraction results. Each box-and-
whisker plot represents all intervals that were analyzed in a single 
core. On a site-by-site basis, organic content generally increased up-
estuary (both in South Slough and in Coos Bay)
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Isthmus Slough (far from the estuary entrance) had a slow 
mean accretion rate of ~ 1.3 mm/yr (Table 2, Fig. S9). The 
Charleston core, collected near the estuary mouth, exhibited 
a similarly slow accretion rate of ~ 1.1 mm/yr (Fig. S6), as 
did the East Flats 2 core from the broad intertidal flats in the 
middle estuary. The highest accretion rates (2.7–2.9 mm/
yr) occurred at Kunz Marsh and Bull Island, which are both 
near riverine sources of sediment. However, Kentuck Flats 
in the middle estuary also exhibited a high mean accretion 
rate (2.5 ± 0.056 mm/yr). Thus, despite high SARs occurring 
near riverine sources, there was no clear relation between 
SARs and distance from the estuary entrance (or water depth; 
Fig. S15). Patterns of mass accumulation rates (MARs) gen-
erally followed patterns of SARs—Brown’s Cove and Crown 
Point had the highest MARs, while Charleston and Isthmus 
Slough had the lowest MARs (Table 2, Figs. S4–S11).

Notable peaks in accumulation rate were observed at all 
sites except Charleston and Isthmus Slough (Fig. 5). Most 
of these peaks occurred within the past 30 years, and each 
represented a few years of increased sediment accretion 
(Fig. 5C, D). Peaks in SARs in South Slough were gener-
ally larger (20–40 mm/yr) than in Coos Bay (5–18 mm/yr).

SARs averaged over the last 30 years of the 210Pb decay 
profiles were generally two to four times higher than values 
averaged over the entire profiles (~ 120–160 years), a result 
which reflected the presence of sediment accretion peaks 
in the more recent part of each record (Table 2, Fig. 5C, D, 
Figs. S4–S11). Brown’s Cove and Crown Point exhibited the 
greatest differences in accumulation rate between modern 
and long-term periods (+ 108 to 128%), and even Isthmus 
Slough (a slow-accumulation site) exhibited a + 45% dif-
ference. Charleston was the one exception to the trend and 

Fig. 5   Rainfall totals, timber 
harvest, and sediment accretion 
records for the past ~125 years. 
(A) Annual total precipitation at 
North Bend (from NOAA, www.​
weath​er.​gov/​wrh/​Clima​te). (B) 
Timber harvest in Coos County 
in thousands of board feet per 
year (from Andrews and Kutara 
2005). (C) Accretion rates at rap-
idly accumulating sites in South 
Slough. (D) Accretion rates at 
rapidly accumulating sites in 
Coos Bay. (E) Accretion rates at 
slowly accumulating marginal 
flats (Charleston and Isthmus 
Slough). Error bars are provided 
in Supplemental Figs. S1–S8

http://www.weather.gov/wrh/Climate
http://www.weather.gov/wrh/Climate
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exhibited a − 82% difference in accumulation rate. This site 
also coarsened through time, as did Brown’s Cove, Crown 
Point, and East Flats 2.

SARs were greater than nearby RSLR rates in most 
cores for both timescales of averaging. For whole cores, 
SARs were 0.14 to 1.9 mm/yr greater than RSLR at all sites 
except East Flats 2 and Isthmus Slough (Table 2 column 
J). At these latter two sites, SARs were 0.49–0.57 mm/yr 
less than RSLR. For the 30-year timescale, SARs were 0.23 
to 8.1 mm/yr greater than RSLR, and most values were at 
least 2 mm/yr greater than RSLR (Table 2 column K). The 
one exception was Charleston, where SAR was 0.48 mm/yr 
less than RSLR. It is worth noting that in all cases, (1) the 
RSLR value nearest to the core site was used (see Fig. 2B for 
location of RSLR estimates) and (2) the differences between 
SAR and RSLR exceeded the uncertainty in the correspond-
ing SAR (Table 2).

Discussion

Spatial Variability in Accumulation Patterns

Time-averaged sediment and mass accumulation rates varied 
spatially across the estuary, both over long (1800s to present) 
and short (1990 to present) timescales (Table 2, Fig. 6). Over 
long timescales, SARs did not show any obvious spatial rela-
tionship to uplift rates or RSLR rates (Fig. 6B compared 
to Fig. 2), suggesting that SARs on intertidal flats are not 
strongly regulated by uplift rates or by RSLR.

Long-timescale SARs were 0.72–1.94 mm/yr greater 
than RSLR rates at most sites, with a few exceptions at the 
Charleston, East Flats 2, and Isthmus Slough sites (Fig. 6E, 
Table 2 column J). The Charleston core SAR was nearly 
equal to the local RSLR rate, suggesting that this tidal flat 
is effectively “keeping up” with sea-level rise. The East 
Flats 2 and Isthmus Slough cores exhibited SARs which 
were 0.49–0.57 mm/yr less than RSLR (Fig. 6E). Thus, over 
a centennial timescale, these two sites may be deepening 
(albeit at a very slow rate), though the reason is unknown. 
For example, deepening could be due to compaction, ero-
sion, or insufficient sediment supply. Erosion is unlikely, 
however, because the surficial 210Pb activities of those cores 
were not anomalously low compared with other sites, which 
would be an indicator of sediment removal.

The positive accretionary balance at most sites suggests 
that these locations have accommodation space available 
for sediment storage and are not net erosional and not sedi-
ment-supply-limited. This apparent infilling of the intertidal 
flats could represent one or more different processes—for 
example: (1) a natural, long-term positive accretionary bal-
ance driven by rates of sediment supply which exceed both 
rates of sediment removal and rates of compaction, in an 

environment which naturally has excess accommodation 
space; (2) infilling of new accommodation space created by 
subsidence during the 1700 earthquake (for reference, the 
estimated subsidence in South Slough was 0.85 m; Hawkes 
et al. 2011); and/or (3) a positive accretionary balance driven 
by increased sediment loads related to the logging (which 
peaked in the mid-1900s) and which may or may not per-
sist into the future, given reductions in logging (Fig. 5B). 
All of these scenarios are plausible. For example, based on 
estimated SARs in South Slough of 1.2–2.1 mm/yr (Table 2 
column E), in the ~ 320 years since the last major earthquake 
which caused 0.85 m of subsidence, 0.36–0.63 m of infill-
ing should have occurred, assuming centennial rates can be 
extrapolated to 320 years. It is also possible that the system 
simply has excess capacity to store sediment and/or has seen 
an increase in sediment supply within the past century.

Mean SARs measured over shorter timescales (1990–pre-
sent) exhibited similar spatial patterns as those measured 
over whole-core timescales (1800s to present), except that 
the lack of correlation with uplift/RSLR patterns was even 
more amplified in the more recent record. In other words, 
South Slough SARs were amplified within the last 30 years 
even more so than in the main estuary, despite this area 
experiencing the highest rates of uplift and lowest rates of 
RSLR rates (Table 2, Fig. 6C). This may reflect local pro-
cesses of sediment trapping occurring in the relatively shel-
tered, undeveloped South Slough (see next section). Overall, 
these results from across the estuary further suggest that the 
system is not accommodation- or supply-limited.

It is worth noting that there was not a compelling rela-
tionship between SAR and water depth for either the long-
term or short-term accretion rates (Tables 1 and 2). This 
was also observed by Brand et al. (in revision) for similar 
subtidal sites in Coos Bay, though they did observe a rela-
tionship between accretion and elevation in marshes higher 
in the tidal frame. All sites sampled in this study were 
located at > 0.5-m depth relative to mean sea level (based 
on bathymetry data from Conroy et al. 2020). The tidal-
flat SARs observed here were generally greater than SARs 
observed on high marshes in other regional estuaries (Peck 
et al. 2020) as well as a high marsh-upland transition site 
sampled by Hawkes et al. (2011) at Crown Point in central 
South Slough—but higher accretion rates lower in the tidal 
frame may be a product of longer inundation times.

Temporal Variability in Accumulation Patterns—
Evidence of Increased Sediment Supply/Retention, 
or Inter‑decadal Sadler Effect?

Sediment accumulation rates are on the order of four times 
greater when averaged over the past 30 years versus cen-
tennial timescales at all sites except Charleston (Table 2, 
Figs. 5C-E, 6D, 7, and Figs. S4–S11). Note that Charleston 
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is the site most distal to sediment sources, near an active 
harbor, and near active dredging—and thus may receive less 
sediment from rivers and experience more erosion from boat 

wakes and/or dredging, as evidenced by the slower modern 
SAR (relative to the long-term mean) and the slight coars-
ening through time (Fig. 3A). The apparent increases in 

Fig. 6   Depth-averaged grain-
size and SAR results. A Depth-
averaged d50 for each core. Dark 
to light colors denote clay to 
sand, respectively. B Depth-
averaged SAR for each core. 
C Depth-averaged SAR for the 
most recent 30-year record of 
each core. D Percent difference 
in SAR computed from the last 
30 years of the core (C) versus 
the entire core (B). Blue colors 
(positive values) denote an 
increase in SAR over time, and 
red colors denote a decrease. E 
Difference between SAR aver-
aged over the last ~125 years 
and the spatially nearest RSLR 
value (see Fig. 2B). Blue values 
denote SARs greater than RSLR 
and red values denote SARs 
less than RSLR. F Difference 
between SAR averaged over the 
last 30 years and the spatially 
nearest RSLR value. In all plots, 
empty circles denote cores not 
analyzed for isotopes/SARs due 
to excessive disturbance or very 
high sand fractions
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accretion observed at all other sites are manifest as increases 
in both background sediment accretion rates starting around 
the 1930s and the occurrence of peaks in accretion rates. 
Peaks are most prominent after 1990, and the largest peaks 
occur in South Slough (Fig. 5C, D). The presence of peaks 
only in the more recent records raises a question, however: 
do these results indicate real increases in sediment accre-
tion, or an artifact of preservation versus mixing of peaks 
in isotope records?

It has been suggested that sediment supply to regional 
estuaries may have increased between the 1940s and 1970s 
due to enhanced precipitation during the wet phase of the 
Pacific Decadal Oscillation coupled with a rise in timber 
production (Peck and Wheatcroft 2022; Andrews and Kutara 
2005; Fig. 5B). It is thus reasonable to conclude that SARs 
began increasing in Coos Bay around the 1960s with the 
highest peaks in the 1990s–present (Fig. 5C, D) as a result 
of increased sediment delivery. A lag between peak logging 
(1940s–1970s) and peak SARs (1990s to present) would not 
be surprising; changes in sediment delivery can lag land-
scape disturbances by years to decades owing to the time for 
root structures to decay and temporary storage of sediments 
within a watershed (e.g., Peck and Wheatcroft 2022; Noe 
et al. 2020).

Substantial development including dredging and inter-
tidal flat reclamation also occurred in Coos Bay between 
1910 and 1970, which reduced the total estuary area and 
increased the total volume (Ivy 2015; Borde et al. 2003; 
Eidam et al. 2020). Based on hydrodynamic and sediment-
transport modeling, these changes led to an increase in 
estuarine circulation, a stronger estuarine turbidity maxi-
mum in the main navigation channel, and increased retention 

of sediment on intertidal flats, even in the absence of an 
increased sediment supply, which was not modeled (Eidam 
et al. 2020, 2021). This modeled increase in sediment reten-
tion is qualitatively consistent with the difference between 
the 30-year and whole-core mean SARs at most core sites 
(Fig. 6D), though the model results should not be overin-
terpreted since processes like waves, multi-decadal changes 
in weather patterns, and other non-stationary processes are 
not represented.

Effects of dredging and land reclamation should be less 
impactful in the protected South Slough Reserve, however, 
which makes the larger apparent increases in SAR here quite 
interesting. One theory for this enhanced accretion relative 
to the main estuary is that any logging which occurred in 
the Winchester Creek and neighboring watersheds could 
produce amplified signals of sediment accretion in South 
Slough because the subembayment is relatively sheltered and 
enclosed. In contrast, the main estuary has a large expanse of 
intertidal flats which likely experience stronger wave stresses 
and are drained by a larger network of channels.

A possible alternative explanation is that increases in 
SAR throughout the estuary are simply artifacts representing 
the Sadler effect (see Sadler 1981). This principle states that 
measured sediment accumulation rates will decrease in older 
portions of the sedimentary record as the length of a strati-
graphic record increases, owing to an increasing number of 
hiatuses or erosional events which have impacted the record. 
In other words, sediment accretion rates are faster in the 
more modern part of the record without any real change in 
sediment delivery or trapping. This effect can be described 
by a power law, and can be identified through comparisons 
of SARs derived from geochronology methods suitable for 
different timescales, e.g., 210Pb to represent a 100-year time-
scale and 14C used to represent a 1000-year timescale (e.g., 
Sommerfield 2006; Rodriguez et al. 2020). This principle is 
supported by observations that monthly deposition rates can 
be an order of magnitude higher than centennial accumula-
tion rates (e.g., McKee et al. 1983), though we are not aware 
of studies which have tried to quantify the Sadler effect per 
se over such short timescales.

While the Sadler effect is most often discussed in the 
context of longer-timescale records than those presented 
here, there are two lines of evidence which suggest that the 
apparent increases in SAR over the past 30–80 years may 
simply be artifacts in the data. First, the apparent increases 
in SAR post-1990 (or even post-1940s) are biased by sharp 
peaks in the datasets (Fig. 5C, D) which occur within 15 cm 
of the sediment surface (at most). That depth is generally 
within the range of bioturbation (e.g., Solan et al. 2019). 
In the Coos Bay cores, benthos were observed during core 
slicing, and it is reasonable to think there may be mixing to 
these depths. The recent peaks in SAR may thus be attenu-
ated over time through mixing, leading to apparently lower 

Fig. 7   Comparisons of SAR computed from the most recent 30 years 
of the core (column (F) in Table 2) versus SAR computed from the 
entire core (column (E) in Table 2). Smaller blue dots denote South 
Slough sites and larger orange dots denote Coos Bay sites
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SARs similar to those interpreted in the older portions of the 
core records. Alternatively, other researchers have noted that 
bioturbation can bias SARs toward artificially high values by 
moving high-activity sediments downward in the profile—so 
the effect of bioturbation on SAR here is not clear without an 
independent measurement of mixing rates (Anderson et al. 
1988). Furthermore, a companion study of short-timescale 
sediment accretion at these same core sites found monthly 
deposition or erosion values of up to 3 cm (Keogh et al. in 
revision), indicating a dynamic environment with centime-
ter-scale disturbance, and further suggesting that the SAR 
peaks observed here may be attenuated over time, and thus 
not represent any real increase in long-term SAR.

The second line of evidence suggesting the Sadler effect 
is in play is that when plotted on a semi-logarithmic scale, 
many of the age profiles can be reasonably described by a 
log-linear trend (Fig. S12), which is similar to the power-law 
nature of the Sadler effect. This similarity suggests that over 
time, sediment accretion rates converge to a low-magnitude 
background value in spite of perturbations that appear in the 
more recent record. In the absence of results from geochro-
nology tools spanning different timescales (e.g., short-lived 
tracers for monthly to annual scales or 14C for 1000-year 
timescales) as well as possible complications by tectonic 
uplift (i.e., non-stationarity in the system), it is not clear 
if the Sadler effect can be adequately quantified. However, 
this remains an interesting question for future research of 
seasonal to interdecadal estuarine sediment accretion, espe-
cially in light of present-day concerns about interdecadal 
sea-level rise.

Implications for Resiliency of Intertidal 
Environments in Terms of Vertical Accretion

For interpretations of estuarine resilience, sediment accre-
tion rates are key because they provide information about 
whether a tidal flat may drown or keep pace with RSLR. 
Because of the labor and cost associated with coring and 
radiochemistry, estuary studies often have access to a lim-
ited number of cores for making these interpretations (with 
some notable exceptions—see Palinkas et al. 2013; Palinkas 
and Engelhardt 2015; and Peck et al. 2020 for examples of 
studies with high core density). The approaches used for 
constructing geochronologies also matter—for example, 
what is the relevant timescale of averaging accretion rates 
that should be used for projecting future trends? The results 
of this study thus have implications for studies of estuarine 
resilience in two areas: (1) by highlighting spatial variability 
of SARs (i.e., where do you choose to core to determine if 
an estuary is drowning, and how might interpretations be 
biased by a small number of cores?) and (2) by highlighting 
variability among the SAR results based on different time-
scales of averaging.

In terms of (1), it is interesting to note that SARs in this 
estuary varied spatially by a factor of two or more, with no 
clear relationship to distance from a source or water depth 
(Fig. S15). If a similar study was desired for a different estu-
ary, what locations would make the “best” coring sites? For 
example, if the goal was to predict the overall stability of the 
intertidal flats (are they drowning or emerging?) or under-
stand areas where maximum change is occurring, would it 
be better to core in the upper estuary, on the middle flats, 
or near the mouth? The results of this study show that this 
choice is complicated by varying spatial patterns of SARs. 
It is also important to note that subembayments like South 
Slough can behave differently from adjacent regions and 
may need to be evaluated separately.

For (2), the timescale of averaging for SARs impacts the 
results and interpretations. In this study, the more modern 
SARs were generally fourfold greater than the whole-core 
SARs (spanning a century or more; Fig. 7). This could rep-
resent a Sadler effect or could represent a real increase in 
sedimentation driven by a poorly constrained combination 
of factors (e.g., logging activity, increased precipitation, and/
or changes in estuarine hydrodynamics). What values are 
most appropriate to use when making management deci-
sions within the estuary? Over long timescales, sediments 
compact, erosion occurs, and SARs decrease to values that 
ultimately may be on par with RSLR. But over timescales of 
management decisions (e.g., decades), many of the intertidal 
areas in Coos Bay are accreting at rates far exceeding rates 
of relative sea-level rise, and thus, efforts to mitigate against 
submergence may be better directed elsewhere.

Conclusion

Sediment accumulation rates in the Coos Estuary vary 
spatially by a factor of two or more and have apparently 
increased through time. Rates generally exceed the rate of 
RSLR by 0.2–8 mm/yr, meaning the estuary is not accom-
modation-limited or supply-limited, and tidal flats (with 
the possible exception of the slow-accumulating sites of 
Charleston and Isthmus Slough) do not seem under threat 
of deeper submergence in the near future. These findings 
are consistent with work on high marshes (i.e., areas higher 
in the tidal frame) in other regional estuaries (Peck et al. 
2020). Spatial variation in accretion shows a counterintuitive 
relation to uplift pattern: SARs are highest in South Slough 
where RSLR rates are lowest (with the exception of Charles-
ton)—but this is not surprising because the system is not 
accommodation-limited. The reasons for spatial variations 
in SARs are not well-constrained, but it seems likely that 
amplification of accretion in South Slough may be because 
this subembayment is more sheltered and more effective at 
trapping sediment than the main estuary.
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Within the past 30 years, sites with SARs > 2 mm/yr have 
preserved peaks in sediment accretion lasting a few years 
each. While no single cause can be absolutely linked to any 
of these patterns, it is reasonable to attribute these changes 
to increased precipitation and logging in the mid-1900s (see 
Andrews and Kutara 2005; Peck and Wheatcroft 2022) as 
well as hydrodynamic changes related to dredging and land 
reclamation (Eidam et al. 2021). It is also possible that these 
apparent increases represent a short-timescale Sadler effect, 
but over the timescales relevant to management decisions, 
using the higher accretion rates measured over the last few 
decades rather than the last century to interpret tidal flat 
resilience to sea-level rise seems appropriate.
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