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Abstract
Environmental history recorded in estuarine sediment describes water quality regimes through the use of geochemical and
biological proxies. We collected sediment cores from two locations in the Coos Estuary, Oregon, at South Slough and Haynes
Inlet, spanning from ~ 1680 AD to the present. To reconstruct the historical water column oxygen in the estuary, we measured
geochemical proxies including organic matter, magnetic susceptibility, and elemental composition, and we constructed sediment
chronologies using the Pb210 profile and radiocarbon dates. Correlation of geochemical proxies and a detailed 15-year record of
dissolved oxygen observations supports the inference of dissolved oxygen (DO) history from these sediment cores: a novel
finding for small, seasonal Pacific Northwest estuaries. Geochemical evidence suggests that over the last 300 years, annually or
semi-annually averaged dissolved oxygen stress has been increasing at South Slough, while remaining stable or even decreasing
at Haynes inlet. This history was explained by changing climatic and land-use effects on erosion and organic matter as well as the
role of shipping channel maintenance in providing a dissolved oxygen reservoir at Haynes Inlet relative to the more isolated
South Slough.
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Introduction

Periods of hypoxia in ecologically and economically impor-
tant estuaries may be the result of both terrestrial and oceanic
factors. Land-use impacts on nutrient dynamics from agricul-
tural fertilizer (Nixon 1995), upland and hillslope erosion
(Ringler and Hall 1975), and wastewater disposal (Jaworski
1981) can decrease oxygen in river water by increasing sedi-
ment or nutrient loads and biological oxygen demand (Bricker
et al. 2008; Diaz and Rosenberg 2008; Howarth et al. 2011). In
addition, Pacific Northwest estuaries adjoin the California

Current System (CCS), a major eastern boundary current sys-
tem where seasonal, wind-driven upwelling brings nutrient
rich, low dissolved oxygen (DO) water up from depth.
Seasonal upwelling in these coastal systems is responsible
for some of the most productive fisheries and marine ecosys-
tems in the world (Ryther 1969). However, nutrient influx and
DO deficit due to upwelling are known to propagate up-
estuary in small seasonal Pacific Northwest (PNW) estuaries
of Oregon such as the Coos Estuary (O’Higgins and Rumrill
2007; Sutherland and O’Neill 2016) and Yaquina Bay (Brown
and Power 2011), as well as the larger, less seasonal Columbia
River estuary (Roegner et al. 2011). The effect is both fertili-
zation of estuarine systems and potential oxygen stress
(O’Higgins and Rumrill 2007).

Spatially and temporally extensive hypoxia on the
inner Oregon shelf has only recently been observed
(Grantham et al. 2004; Chan et al. 2008; Connolly
et al. 2010). However, since 1960, there is a declining
trend across the North Pacific for DO and the depth
of the oxygen minimum zone (Whitney et al. 2007;
Pierce et al. 2012). Since 2002, the CCS and the
Oregon shelf have experienced recurring seasonal
hypoxia (Chan et al. 2008; Adams et al. 2013;
Peterson et al. 2013).
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While the seasonal effects of this upwelling system and
marine circulation are better documented on the shelf, estua-
rine systems are subject to additional influences of hypoxia,
including seasonality of river discharge, exchange flow, the
dimensions of the estuary, and tidal forcing (MacCready and
Rockwell Geyer 2010). On sub-annual and interannual time-
scales, these hydrographic variables, alongside photosynthetic
rates and atmospheric gas diffusion, determine nearly all var-
iation in the supply of oxygen to the productive estuarine
environment (Kemp and Boynton 1980; Borsuk et al. 2001).
Using the Coos Estuary as a case study, Sutherland and
O’Neill (2016) suggest strong seasonal hydrographic controls
on the estuarine DO regime in which extended periods of low
river discharge during summer months result in biological
feedbacks and low-level eutrophication coinciding with the
strong upwelling season in the CCS. This seasonal coinci-
dence has been documented in Yaquina Bay (Brown and
Power 2011) and the Columbia River estuary (Roegner et al.
2011). The overall effect of this seasonal pattern on sensitive
biological processes is poorly understood, but likely impacts
early life-history stages of anadromous salmonids (Roegner
et al. 2011).

Historically, PNW estuaries’ low summer stratification,
lack of severe eutrophication, and relatively high DO status
differentiate them from other estuaries in North America
(Howarth et al. 2011), as exemplified by the Chesapeake
Bay (Brush 2009), Mississippi Delta (Bianchi et al. 2010),
and increasingly, estuaries of the California coast (Van Geen
and Luoma 1999; Nezlin et al. 2009). Recent research has
begun to characterize these PNW estuaries by their seasonal
oscillation between salt-wedge and well-mixed water column
regimes and, crucially, by strong ocean-estuary coupling
(Sutherland and O’Neill 2016). Highlighted by the recent
low-DO events on the continental shelf in the Pacific
Northwest, the need to describe historical precedents and un-
derstand linkages with estuarine water quality over the long
term is pressing (Brown and Power 2011; Sutherland and
O’Neill 2016).

In this paper, we return to the relatively well-studied
Coos Estuary, to characterize the historical context (at
decadal to centennial scales) for the DO regime, as this
natural range of variability is not well constrained. In-
estuary water quality monitoring stations have been op-
erated by the South Slough National Estuarine Research
Reserve (SSNERR), the Coos Watershed Association,
and tribal governments only since 1999. The reconstruc-
tion of DO regime using paleoenvironmental proxies
could extend this record, yet the widespread application
of these paleoenvironmental techniques to estuarine sys-
tems is a recent development (Cronin et al. 2005;
Scheiderich et al. 2010; Brandenberger et al. 2011) not
yet attempted in small seasonal estuaries on upwelling
(eastern boundary) coasts.

As estuaries are depositional environments, sedimentary
sequences provide information about past events and process-
es taking place in the estuary, its watershed, and the adjacent
ocean (Brush 2009; Gooday et al. 2009). In this study, we
extend a 16-year measurement history of estuarine dissolved
oxygen with a set of sediment cores from the Coos Estuary.
Using this history, we ask:

1. Which potential sediment proxies of water column DO
best match measured variability in DO?

2. How do records of sedimentation and DO vary within the
Coos Estuary?

To address these questions, we quantified the elemental
fractions of redox-sensitive metals and indicators of eutrophi-
cation in two sediment cores and compared these records with
observed DO records. Furthermore, we examine the relation-
ship of this record to terrestrial and oceanic forcing variables
that likely exert control on estuarine DO: river discharge,
Pacific Decadal Oscillation indices (PDO), off-shore upwell-
ing indices, sedimentary signals of land-use and cover change,
and historical records of pre- and post- Euro-American settle-
ment landscapes.

Elemental composition is a robust line of evidence for
reconstructing past redox conditions with numerous proxies
for geochemical processes (Tribovillard et al. 2006). For the
purpose of reconstructing DO regime, metal concentrations
are particularly useful asmany are highly responsive to chang-
es in redox status. Of these, nickel (Ni) and zinc (Zn) are
typically delivered to the sediment-water interface associated
with organic matter and therefore provide insight into eutro-
phication, which modifies the availability of oxygen. In con-
trast, iron (Fe) and manganese (Mn) have properties that make
them directly responsive to redox conditions (Gooday et al.
2009). Due to the relatively high DO status of the Coos
Estuary and its sloughs, other elemental proxies such as vana-
dium, chromium, and molybdenum are not as useful here as
they have been for detecting hypoxia and anoxia in ocean
basins (Zheng et al. 2000; Dean et al. 2006) and deep, season-
ally anoxic estuaries and fjords (Adelson et al. 2001;
Scheiderich et al. 2010; Brandenberger et al. 2011). In the
Coos Estuary, and other small seasonal PNW estuaries, alter-
native methods are necessary.

Along the Oregon Coast, and in the Coos Estuary, nutrient
loading from wastewater and agricultural activities (Brown
and Power 2011), and organic matter loading from forest
clearance and rafting timber (Ringler and Hall 1975; Sedell
et al. 1991) have led to symptoms of eutrophication. Thus,
these causes of low DO should be best represented in sedi-
ments from indicators of eutrophic potential (e.g., Zn and Ni),
and their normalized ratios to erosion proxies (e.g., Al and Ti;
Gooday et al. 2009). Sedimentary organic matter deserves
special attention for its role in the preservation of trace metals
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in sediment both as a delivery vector and as a stabilization site
if the supply of organic matter exceeds biotic demand and
becomes preserved. In addition to organic matter, Fe and Mn
hydroxides and oxyhydroxides may stabilize trace metals by
providing bonding sites.

Materials and Methods

Geologic Setting

The 5383 ha Coos Bay estuary (Coos Estuary; 43.35° N,
124.33° W) in the Oregon Coast Range is composed of sev-
eral large sloughs and inlets. The 157,645-ha watershed con-
tains urban and agricultural areas and forested steep terrain
reaching 400 m a.s.l. (Fig. 1). Bedrock is primarily Eocene
sandstones of the Tyee formation and other continental margin
sediments. Themaritime climate is marked bymoderated win-
ter (7–8 °C) and cool summer (14–16 °C) temperatures.
Precipitation averages 1500 mm/year, falling primarily be-
tween October and April.

Regional uplift due to the Cascadia Subduction Zone ac-
tivity is muted locally by seismic subsidence (Kelsey et al.
1998). The most recent subsidence event in 1700 CE resulted
in a 1-m vertical displacement in South Slough, Coos Estuary
(Nelson et al. 1996), which likely created an equal amount of
accommodation space for sediment infilling. Slower, back-
ground subsidence from crustal deformation, as well as sea
level rise, are additional influences that could affect aggrada-
tion rate.

Estuarine Dynamics and Ecological Context

The Coos Estuary is near the southern end of the Pacific
Northwest (PNW) coastal temperate rainforest. Like other re-
gional estuaries except the Columbia River estuary, the Coos
Estuary is tidally dominated for most of the year due to the
greater influx of oceanic water during a tidal cycle than river
discharge. Winter conditions are characterized by high precip-
itation leading to higher river discharge, higher water column
stratification, and migration of the salinity intrusion seaward
(Hickey and Banas 2003; Sutherland and O’Neill 2016;
Conroy 2018). During summer, lower precipitation leads to
greater tidal influence and slower turnover of estuary water,
especially past the tidal excursion length-scale inside the es-
tuary (Rumrill 2007; Sutherland and O’Neill 2016). Lemagie
and Lerczak (2015) found residence times in Yaquina Bay
average to a few tidal cycles (1–3 days) at high river dis-
charge, although residence times in Coos Bay are shorter dur-
ing low flows and slightly longer during high flows (Hickey
and Banas 2003).

History of Human Impacts

Coos Bay is the second largest estuary in Oregon and the
deepest draft port, which has made it an economic hub of
southern Oregon for the past century (Peterson 1952;
Douthit 1999). The Port of Coos Bay requires dredging of
mid-channel sediments multiple times per year from the
mouth of the estuary to downtown Coos Bay (~ 24 km).
Virtually all dredging activities occur from May to October.
In-estuary filling with dredged material was common prior to
1970 and sites are known; however, the majority of dredge
spoils have since been removed to the continental shelf
(Figs. S2 and S3).

Prior to Euro-American settlement, early Americans
populated the coast by at least 8500–8400 BP (radiocar-
bon calibrated years) and lived in relative stability with
consistent increases in population and minor changes in
their hunter-gatherer lifestyle (Erlandson et al. 2008).
When European contact began in the sixteenth century,
there were few changes to the social and economic
structure of the local population until 1820–30 when
smallpox and measles epidemics killed an estimated
70% of the inhabitants (Youst 1997). By 1850–60, how-
ever, the first Euro-American communities became
established. Logging, mining, and agriculture began al-
most simultaneously in the 1890s, but have had dramat-
ically different trajectories through time and space
(Douthit 1999; Lansing 2005; Lansing 2007). Small
coal veins southwest of Coos Bay were quickly discov-
ered, but none was productive after 1934 (Lansing
2005). Timber continues to be an important economic
component of the whole South coast region; however,
harvests peaked between 1954 and 1965. Agriculture in
Coos County also peaked mid-century at 28% of
county’s land area including woodlots, pasture, and
cropland in 1950. Farmed area has decreased by ~
50% since 1950 (United States Department of
Agriculture 2012), and today is a relatively minor eco-
nomic activity (Lansing 2005) consisting of hobby
farms, hay production, and small dairy enterprises.

Finally, since the mid-1990s, the SSNERR has been
conducting dike removal and restoration of salt marsh, eel
grass, and tidal flats in the watershed of the South Slough
(Rumrill 2007).

Core Collection and Locations

We collected surface cores using an 8-cm diameter
polycarbonate tube fitted with a piston. Five cores were
collected on March 18, 2014 (COO1–5, Fig. 1,
Table 1). A sixth site (COO6) was collected on
Sept 10, 2015 using a combination of the surface corer
and three 1-m overlapping drives with a Livingstone
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piston corer in order to reach greater depths. The two
sites with the least disturbed sediments (assessed by
preliminary 210Pb analysis) were selected for detailed
studies: COO4 in South Slough (hereafter SS) and
COO6 in Haynes Inlet (hereafter HI). The elevation of
the mud-water interface at each core site relative to
mean low-low water (MLLW) was estimated using a
combination of water depth at the time of coring with
respect to tidal corrections published by NOAA (data
ava i lable a t h t tp : / / t idesandcur rents .noaa .gov/ ) .
According to this method, both sites are below MLLW

(Table 1), although periodic exposure to the air may
occur semi-annually at South Slough.

Core Processing, Loss-on-Ignition, and Magnetic
Susceptibility

Prior to processing cores, they were scanned whole using x-
ray computed tomography (CT) at Oregon State University’s
Lois Bates Acheson Veterinary Hospital on a Toshiba
Aquilion 64-slice CT unit.

Fig. 1 Site map of Coos Estuary
and geographical area. a The
Coos Estuary and surrounding
area showing sediment coring
sites and water quality monitoring
stations. Bathymetric data show
the dredged shipping channel
maintained by the USACE. b The
watershed of the Coos Estuary
with relief and gauging station
location for the South Fork Coos
River. c Coos Estuary (CBE)
location on the Pacific Coast.
Data from DOGAMI, CoosWA,
and SSNER
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The upper 10 cm of the SS core and the upper 14 cm of the
HI surface core were extruded and subsampled into
Whirlpak® bags in the field upon returning to shore. The
remainder of the SS core was immediately stored in a refrig-
erator and sub-sectioned in continuous 1-cm intervals in the
laboratory within 2 days of collection. Each 1-cm interval
sample was dried, ground lightly, and picked free of visually
identified pieces of organic detritus. The HI surface core was
also sub-sectioned in continuous 1-cm intervals in the labora-
tory and refrigerated in plastic bags. Unlike at SS, we did not
dry and grind 1-cm sections of the HI core, but rather subsam-
pled for further analyses as needed. The three Livingstone
drives were split longitudinally. One half was used as a
Bworking core^ to subsample for additional analyses, and
the other was placed in a freezer to archive redox-sensitive
geochemical properties and was used for core-scanning
XRF. We estimated organic matter content by loss-on-
ignition (LOI, Heiri et al. 2001). For SS, each 1-cm section
was analyzed. For HI, in the top 36 cm, LOI subsamples were
spaced evenly at 1-cm intervals. Below 36 cm subsamples are
located at the visual transitions of either color or texture, or
every 5 cm, whichever was least. Lastly, we measured mass-
specific magnetic susceptibility (MS) of the SS surface core
(1-cm subsamples) using a Sapphire Instruments magnetic
susceptibility cup meter.

Chronology

For all 1-cm subsamples of the SS core, 210Pb activity was
determined using a CANBERRA low-energy Germanium de-
tector at 46.5 keV. Dry mass between 25 and 70 g were used
for this analysis. We constructed the age and mass accumula-
tion models for the upper 30 cm of the core using the constant
rate of supply (CRS) model (Appleby and Oldfield 1978;
Binford 1990). An AMS radiocarbon date on identifiable co-
nifer needles was obtained from the base of the SS core. For
the HI core, 210Pb activity was measured on 10 subsamples
spaced from 2 to 80 cm by Flett Research Ltd. using a polo-
nium spike method modified from Eakins and Morrison
(1978). In situ radium production was also quantified at four
depths to approximate the background production of 210Pb
(Mathieu et al. 1988). Four radiocarbon dates were obtained
from the HI core. In cases where identifiable conifer needles
were not found, we used coarse (> 250 μm) organic detrital
material. Radiocarbon dates were calibrated using the CALIB
Rev. 7.0.4 software (Stuiver and Reimer 1993) with the

IntCal13 calibration curve (Reimer et al. 2013). We computed
final age-depth models using Bacon 2.2 (Blaauw and Andrés
Christen 2011), a Bayesian algorithm that iteratively simulates
the sedimentation process to arrive at a set of chronologies
given the uncertainties of the 210Pb CRS model and the cali-
brated radiocarbon dates.

Elemental Analysis

For the surface cores at both sites, XRF analysis of dried,
ground sediment on each 1-cm section was made using a
Bruker Tracer IV Geo portable x-ray fluorescence spectrom-
eter (pXRF) in soil mode. All pXRFmeasurements were taken
at 40kEVand 25 mA. From the HI site, the Livingstone cores
were analyzed every 2 mm on an ITRAX core-scanning XRF
at 60 kEV and 30 mA at the Oregon State University Marine
and Geology Repository (http://osu-mgr.org/). For core
scanning analyses, we used the frozen archived cores,
temporarily thawed. The surface preparation needed was
minimal due to the fine grain of the sediment and consisted
of careful scraping with a knife perpendicular to the core axis.

Comparison of DO Observations and Sedimentary
Proxies

DO observations from a moored water quality monitoring
station at Valino Island in South Slough (Fig. 1) have been
continually recorded at 30-min intervals since 1999 (NERRS
2018, data available from http://cdmo.baruch.sc.edu/get/
landing.cfm). The Charleston Bridge station has been
operational since 2002, and is more indicative of conditions
in the Coos Estuary main channel (Rumrill 2007; Sutherland
and O’Neill 2016; Conroy 2018). These data are subject to
rigorous quality control and quality assurance measures, and
sites are maintained every 1–2 months to ensure depth and
location are consistent through time.

To assess the duration of low-DO conditions, we summed
the period during each calendar year for which the recorded
DOwas below biologically relevant thresholds of 5 and 2 mg/
L (Bricker et al. 2003; Vaquer-Sunyer and Duarte 2008). For
all correlative analyses and visualizations, we used the 5 mg/L
threshold, which is below the biologically impaired limit of
6.5 mg/L established by the Oregon Department of
Environmental Quality. Five milligrams/liter has been used
as a threshold for the preservation of redox-sensitive geo-
chemical indicators like V and Cr (Gooday et al. 2009).

Table 1 Core site location details
in the Coos Bay estuary, Oregon.
Elevation relative to MLLW was
estimated using the tide level at
Charleston, OR at the time of
coring

Core site Location Core length (cm) Water depth: MLLW to sediment surface (cm)

South Slough (SS) 43° 19.545′ N 81 90
124° 19.541′ W

Haynes Inlet (HI) 43° 27.117′ N 180 215
124° 12.110′ W
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Other metals of interest (Ni, Zn) should respond to DO levels
insofar as the consumption of organic matter and remobiliza-
tion of Fe and Mn oxyhydroxides are associated with oxygen
availability.

Direct comparison of proxies and DO measurements
required the use of the age-depth modeling described
above. Each 1-cm increment represented 0.5–6.1 years.
To account for the difference between the temporal res-
olution of DO and core-derived proxy data, we plotted
the geochemical data on unequal time bins and overlaid
the annual DO statistics described above. We made this
comparison only for the SS core because HI is too far
from the monitoring stations operated by the SSNERR,
which are the only stations in the Coos Estuary with
long enough histories to make robust comparisons to
core-derived proxies. The significance of the relation-
ship between low-DO duration and sediment core prox-
ies was evaluated with the Spearman rank correlation
coefficient due to non-independence of core subsections.

Terrestrial and Oceanic Forcing Data

For understanding the social and environmental factors
with potential causal relationships to the long-term DO
regime, we examine upwelling indices, PDO, river dis-
charge, timber harvest, and population. To quantify the
strength of an upwelling season, we used season length
and cumulative along-shore wind stress as calculated by
Pierce and Barth (2018). The PDO index is from
Mantua (2016). River discharge data shown is South
Fork Coos River (Fig. 1), the primary inflow of the
Coos Estuary. All-lands timber harvest data representing
Coos County since 1930 was collected for the Forest
Service by Andrews and Kutara (2005). Population data
since 1890 for the county level was obtained from his-
torical census archives (University of Virginia 2017).

Results

Stratigraphy and Chronology

At SS, the 81-cm core consisted of interbedded lighter
sediment and darker, reduced silty sediment (Fig. 2).
Detailed color and texture information was not possible
following extrusion of the SS core into plastic bags;
however, CT scanning of the SS core suggests a mixing
window of up to 5 cm. The proportion of organic mat-
ter, estimated by LOI, shows a rapid upcore increase
from ~ 5 to 10.8% in the upper 30 cm of SS (Fig. 2),
before dropping to 6.7% in the uppermost 4 cm.
Specific magnetic susceptibility (χm) exhibits a similar
pattern: below 30 cm lower values predominate, and

above 30 cm χm steadily increases to the top 1 cm. In
contrast to the LOI, χm does not drop as substantially in
the upper 4 cm.

The 210Pb profile declined exponentially from 12.1 dpm/g
near the surface to a constant background level of 2.6 dpm/g at
a depth of 28 cm (Table 2). The CRS-estimated ages from the
210Pb profile (0–31 cm) were linked to the radiocarbon age
(80 cm) using the BACON age-depth model (Fig. 2). There is
a nearly linear age-depth relationship above 19 cm (ca.
1968 AD) with a sedimentation rate of 0.9 cm/year. Below
19 cm to the bottom of the 210Pb profile, there is a distinctly
lower sedimentation rate, 0.21 cm/year on average. Between
the lower-most 210Pb age estimate (ca. 1864 AD) and the
radiocarbon date (ca. 1630 AD), the average sedimentation
rate is 0.23 cm/year. The standard deviation (SD) of age esti-
mates for the upper 15 cm (1979–2014) ranges from 4.4 to
5.0 year, whereas the SD of age estimates from 15 to 30 cm
range from 5.1 to 37.4 year.

At the HI site, 48 cm of sediment was recovered from the
surface core and 180 cm of sediment was recovered from the
Livingstone core. The sediment was composed of interbedded
lighter and darker sediment in the upper 90 cm with sand
layers at 45 and 74 cm of 5 and 2 cm, respectively (Fig. 3).
Below 90 cm, similar light-dark interbedding is punctuated by
frequent narrow sand layers and black (2.5 YR 2/0) and very
light brown (10 YR 3/3) layers between 104 cm and 119 cm.
LOI is low (< 8%) throughout the core. The upper 40 cm of
the HI core is characterized by lower variability in LOI (6–
7%), whereas below 40 cm variation ranges from 4 to 8%.

Measured lead activity at HI was much lower than at SS
with the highest total activity at 2.30 dpm/g at 6 cm depth
(Table 2). The 210Pb activity does not reach the supported
background (as estimated from Ra-226 measurements) until
between 60 and 80 cm depth. The combined 210Pb and radio-
carbon age model (Fig. 3) for HI shows a similar pattern to SS,
with higher sedimentation rates in the past 50 years (> 1 cm/
year), preceded by lower rates to the lower-most 210Pb date
(ca. 0.5 cm/year).

Radiocarbon dates at HI at 100.5, 147, and 165 cm were
wood fragments (Table 3). Of those, the upper two are older
than the trend suggested by the 210Pb age model and are con-
sistent with redeposited detrital material. In contrast, the HI
date at 180 cm and the SS date at 81 cm were derived from
fine detritus that likely have a short residence time prior to
burial. Therefore, of the three dates deemed to be usable, two
were from fine detritus and one was from a wood fragment,
while two out of three wood fragments were most likely
redeposited material and excluded from the age model.

Geochemical Analysis

At SS, pXRF measurements show that the bulk concentration
of Ti (an erosion indicator) is marked by sections of low
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homogenous values at 15–20 cm (1967–1984 AD) and 40–
53 cm (1791–1860 AD) occurring between sections marked
by higher variability, and a noticeable increase in the upper
20 cm (i.e., since 1984 AD; Fig. 4). Similarly, Mn and Fe
increased above 40 cm, and especially in the upper 20 cm.
Ni/Ti and Zn/Ti have high short-term variability in the upper
20 cm reflecting the influence of Ti, and like Ti the most
pronounced effect is in the upper-most 15 cm. Both Ni/Ti
and Zn/Ti show long-term average increase above 40 cm,
similar to Mn and Fe. Below 40 cm, these two ratios show
little trend. In addition to these macroscopic trends, there is
finer scale variability in all proxies although systematic trends
are not obvious.

At HI, the pXRF data from the surface core (0–48 cm)
corresponds to only the last ca. 50 years of sedimentation.
This core shows little variation in Ti (with concentrations
greater than at SS). There is a general increase in Mn and Fe
over the core, with increased concentrations between 15 and
20 cm (1967–1984 AD). Ni/Ti and Zn/Ti ratios exhibits a
similar broad peak centered at 17 cm but otherwise with little
longer-term trend. In contrast to Mn, there is an overall reduc-
tion in Ni/Ti and Zn/Ti that is interrupted by a broad peak at
17 cm.

For the core-scanning XRF of the HI core (Fig. S1), Al was
included as an additional erosion indicator; Al was not avail-
able from the pXRF in soil-mode. Above 75 cm, Al counts are
quite low on average, while large peaks are also present.
Below 75 cm, there is a higher average Al but with low var-
iability. Ti peaks fall at the same depths as Al peaks, although
peak shape and magnitude are highly variable and there is an
anomalous section between 5 and 15 cm with high Ti and low
Al counts. Much of the core is characterized by an inverse
relationship between erosion indicators (Ti and Al) and

indicator metals, which enhances the variability in the
erosion-normalized ratios. In contrast to the pXRF data,
core-scanning Ni/Ti and Zn/Ti decline slightly in the upper
80 cm, roughly corresponding to the last 100 years (Fig. S1).

Dissolved Oxygen Observations Compared to Trace
Metal Geochemistry

Records from the water quality monitoring station at
Valino Island indicate that there has been substantial
variation in the prevalence of low DO in the period
of record, 1999–2014 (Fig. 5). The increase in the
duration of low DO during 2004 and 2010 was evident
at a low-DO threshold of 2 mg/L. At Charleston
Bridge, low-DO duration peaked in 2006, but was oth-
erwise absent.

There are several notable correlations between elemental
fractions of Ti, redox-sensitive metals, and the observed dura-
tion of low-DO conditions despite the short monitoring period
(Fig. 5). First, the variation in our trace metal proxy concen-
trations correlates to summed low-DO observations, with sim-
ilar peaks in hypoxia duration and concentration of Ni
(Spearman rank coefficient; p = 0.192) and Zn (p = 0.005).
Peaks in low-DO duration and geochemical indicators are
not only coincident in time, but also magnitude, with the
smaller peak across 2002–2003 and a larger peak around
2010. Second, temporal and stratigraphic patterns of the
erosion-rate indicator Ti have an inverse relationship with
the duration of hypoxia (p = 0.046). Normalizing Ni and Zn
concentrations by the concentration of Ti increases variability
in the record (Fig. 4) and improves the correlation of Ni with
low DO (p = 0.132) relative to bulk Ni, while decreasing the
correlation of Zn and low DO (p = 0.058). Similarly, bulk Ni

Fig. 2 SS physical core
characteristics. Left: whole-core
radiograph of the SS core. Center:
Modeled age-depth relationship
(solid black line), the range of
modeled results (gray), and
accumulation rates (dashed line).
Right: Bulk density and organic
matter estimates from LOI, and
magnetic susceptibility (MS) for
each 1-cm subsection
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and Zn exhibit smaller peaks in the lower half of this core
section; however, they are not perfectly coincident. The effect
of normalization creates a single broad peak in both Ni/Ti and
Zn/Ti peaks at 2001–2003 and correlate with the observed DO
history.

Discussion

Decreased Dissolved Oxygen Potential
in the Twentieth Century

The agreement between geochemical characteristics of sedi-
ment cores from South Slough with the in situ record of low
DO (Fig. 5) indicates that sediment trace metal concentrations
are sensitive to conditions in the water column over interan-
nual and decadal timescales. Furthermore, a record of these
conditions is preserved in sediment and is detectable with
relatively inexpensive pXRF-derived elemental composition
data. This finding provides important confirmation that con-
centrations of trace metals (especially indicators of eutrophi-
cation) indeed reflect the duration of low oxygen conditions in
the water column. This opens the door to reconstructing past
variability in DO and thus tracking environmental change in
small seasonal PNW estuaries, which has not been shown
previously. Similar efforts in larger, deeper, estuaries have
been successful in the Chesapeake Bay (Cronin et al. 2005;
Scheiderich et al. 2010) and Hood Canal (Brandenberger et al.
2011) using different suites of proxies.

Two alternative explanations for changes in trace metal
concentrations must be addressed: (I) metal pollution from
human activity could be responsible for changes in observed
metal concentrations in sediment, and (II) sediment composi-
tion may be changing over time. Crucially, neither of these
explanations would contravene the interannual-to-decadal re-
lationship between DO and metal concentration, but they may
complicate inference of long-term (decadal- to centennial-
scale) drivers of DO regime. Below, we discuss these issues
regarding how DO variability from trace metal concentrations
and organic matter is inferred from the sediment record. We
then discuss the longer-term processes responsible for the in-
creases in DO proxies in recent decades.

Metal Concentrations and Organic Matter: Proxies
for DO in Estuary Sediment

Organic matter plays a key role in setting potential DO con-
ditions, and there is seasonal variation in the supply of organic
matter and nutrients to the estuarine system from streams
(McConnachie and Petticrew 2006). Dry season nutrient in-
fluxes should most strongly affect estuarine productivity and
microbial activity due to increased water temperatures and
sunlight (Canuel and Hardison 2016). Brief periods of higher
than average river discharge during the summer months as in
2010 (Fig. 5) might thus promote low-DO conditions in South
Slough by fueling water column biological productivity.
Winter storm-deposited organic matter could have an equally
important oxygen demand effect as it decomposes during the
following year, but this is limited by burial.

Table 2 210Pb and 226Ra activity from sediments at two sites in Coos
Estuary

Depth (cm) Activity (dpm/g) Modeled age (ybp) Calendar date A.D.

South Slough
0 – 1 5.8 ± 2.4 1.3 ± 4.0 2013.0
1 – 2 6.3 ± 2.5 3.3 ± 4.1 2011.0
2 – 3 11.0 ± 3.3 5.3 ± 4.0 2008.9
3 – 4 12.1 ± 3.5 8.0 ± 4.0 2006.3
4 – 5 10.7 ± 3.2 10.5 ± 4.0 2003.8
5 – 6 9.4 ± 3.1 11.9 ± 4.0 2002.3
6 – 7 8.4 ± 2.9 14.0 ± 4.0 2000.3
7 – 8 7.8 ± 2.8 15.8 ± 4.0 1998.4
8 – 9 7.2 ± 2.7 17.9 ± 4.1 1996.4
9 – 10 6.7 ± 2.9 19.7 ± 4.1 1994.6
10 – 11 6.3 ± 2.5 22.1 ± 4.1 1992.2
11 – 12 5.9 ± 2.5 24.4 ± 4.2 1989.9
12 – 13 5.6 ± 2.4 27.3 ± 4.3 1987.0
13 – 14 5.3 ± 2.4 29.4 ± 4.2 1984.9
14 – 15 5.1 ± 2.4 32.4 ± 4.5 1981.9
15 – 16 4.8 ± 2.2 35.6 ± 4.6 1978.7
16 – 17 4.4 ± 2.1 38.7 ± 4.7 1975.5
17 – 18 4.7 ± 2.2 42.6 ± 4.9 1971.6
18 – 19 4.5 ± 2.2 46.3 ± 4.9 1967.9
19 – 20 4.3 ± 2.2 50.1 ± 5.1 1964.2
20 – 21 4.2 ± 2.2 55.0 ± 6.0 1959.2
21 – 22 4.0 ± 2.0 59.7 ± 5.8 1954.6
22 – 23 3.7 ± 2.0 65.3 ± 7.0 1949.0
23 – 24 3.5 ± 2.0 70.1 ± 7.0 1944.2
24 – 25 3.2 ± 2.0 75.4 ± 8.6 1938.8
25 – 26 2.9 ± 1.7 81.1 ± 9.4 1933.1
26 – 27 2.8 ± 1.7 87.9 ± 11.8 1926.4
27 – 28 2.7 ± 1.7 95.6 ± 14.4 1918.7
28 – 29 2.6 ± 1.6 104.9 ± 18.3 1909.4
29 – 30 2.7 ± 1.6 118.5 ± 26.1 1895.7
MSPb210 1.95 ± 1.4
Haynes Inlet
210Pb
0 – 2 1.9 ± 0.2 1.2 ± 0.3 2014.6
4 – 6 2.3 ± 0.2 4.9 ± 0.3 2010.9
8 – 10 1.7 ± 0.1 8.4 ± 0.3 2007.4
14 – 15 1.5 ± 0.1 12.2 ± 0.3 2003.5
22 – 23 2.0 ± 0.1 21.2 ± 0.3 1994.6
30 – 31 1.4 ± 0.1 31.9 ± 0.3 1983.8
39 – 40 1.0 ± 0.1 42.3 ± 0.4 1973.5
44 – 45 1.2 ± 0.1 50.7 ± 0.4 1965.1
59 – 60 0.7 ± 0.1 85.7 ± 0.9 1930.0
79 – 80 0.5 ± 0.1 142.0 ± 4.6 1873.8
226Ra
9 – 10 0.43 ± 0.03 – –
39 – 40 0.36 ± 0.02 – –
44 – 45 0.36 ± 0.02 – –
59 – 60 0.49 ± 0.02 – –
79 – 80 0.40 ± 0.02 – –

210Pb measurements at HI were made by Flett Research Ltd., Winnipeg.
Ages were estimated by a constant-rate-of-sedimentation model follow-
ing Binford (1990), and the mean supported Pb210 level (MSPb210) is
calculated from the mean of 14 measurements between 31 and 81 cm
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Decomposition of sediments releases metals back into the
water column, therefore affecting the interpretation of DO
history. However, if organic matter is buried too quickly to
be utilized, metals locked into organic forms and complexes
are not released, resulting in an expected correlation of organic
matter and elemental proxies (i.e., Ni/Ti and Zn/ Ti). Ni/Ti
from SS is only weakly correlated with organic matter esti-
mates from LOI (Pearson correlation; r = 0.39; Figs. 2 and 4).
At HI, there is no correlation between LOI and Ni/Ti (r = −
0.17). If preservation of Ni is robust in Coos Bay sediment,
then the low correlation between LOI and Ni/Ti indicates Ni
preservation on mineral sites post-decomposition. Cored sed-
iment at South Slough and Haynes Inlet had a very shallow
oxidized depth. Reducing conditions, observed as ubiquitous
sulfate reduction and dark color, predominate below the top
0.5 cm. Both the sedimentation rates and the reducing

conditions increase the preservation potential of elemental
proxies. Zn and Ni form sulfides easily (Gooday et al.
2009), which are quite immobile in estuarine sediments
(Zwolsman et al. 1993). Organic matter also appears to not
limit the concentrations of metals in these sediments despite
low (< 10%) organic content, thus supporting the conclusion
that metals are preserved even when organic matter is low.
This mechanistic understanding reinforces our confidence in
the correlation of DO with conditions in the overlying water.

The long-term increase in metal concentrations at SS could
be interpreted to suggest a long-term effect of trace metal
pollution from industry in the Coos Estuary, which can be
significant in urbanized estuaries (Zwolsman et al. 1993;
Swales et al. 2002; Ridgway et al. 2003; Morelli et al.
2012). The lack of a substantial increase in metal concentra-
tions at HI (Fig. S1), which is closer spatially to development
centers, also suggests that pollution may bemore concentrated
in the South Slough. This is surprising because sediments in
the South Slough are largely sourced from its own watershed
rather than the main estuary (Wilson et al. 2007). These lines
of evidence increase our confidence in the reliability of the
sedimentary elemental signature at HI for reflecting the great-
er Coos Estuary watershed and at least the lower Coos
Estuary, while SS better reflects its smaller sub-watershed.

The relatively consistent increase in the concentration of
trace metals up to the present at SS is an unusual pattern for
estuarine sediment records in developed watersheds, where
sediments are often considered contaminant sinks (Ridgway
and Shimmield 2002). More commonly, pollution history
studies have found the concentrations of trace metals to peak
in the late 1960’s and early 1970’s prior to environmental

Fig. 3 HI physical core
characteristics. Left: the
stratigraphy of Munsell color and
qualitative estimates of sand
content from visual core
examination and estimates of
organic matter from LOI of the HI
core. Qualitative estimates of
moderate and high sand content
are represented as cross-hatch
density, although sand-sized
clasts were present at every depth.
Center: Modeled age-depth
relationship (solid black line), the
range of modeled results (gray),
and accumulation rates (dashed
line). Right: Percent sedimentary
organic matter as estimated from
LOI

Table 3 Radiocarbon dates from two sediment cores in the Coos Bay
estuary

CAMS # Sample depth (cm) Radiocarbon age Dated material

South Slough

173,967 80–81 335 ± 35 Fine detritus

Haynes Inlet

173,346 100.5a 295 ± 40 Wood

173,969 147a 725 ± 30 Wood

173,347 165 180 ± 30 Wood

173,968 179–180 270 ± 35 Fine detritus

a Date rejected due to age reversal, likely result of older wood fragments
and/or redeposited material
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regulations (Zwolsman et al. 1993). Rather, we found that
trace metal concentrations increased throughout the twentieth
century at SS. These increases were paralleled by both bulk

organic matter and magnetic susceptibility (Fig. 2) suggesting
that there has been a recent peak in both supply and preserva-
tion of organic matter to this part of South Slough. This
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increase in organic matter may be the ultimate cause of the
increase in the frequency of low-DO conditions and is
discussed further in the next section.

(De)Coupled Processes in the Main Estuary
and the South Slough

The pXRF data from South Slough (SS) revealed that the
concentration of redox-sensitive metals (Fe, Mn) as well as
indicators of eutrophication (Ni, Zn) have been higher in the
last 30 years than at any time in the last 335 years. In contrast,
at Haynes Inlet (HI), there was little evidence for such an
increase in recent decades with the exception of a recent
low-DO event that was recorded at both sites. This suggests
the importance of hydrographic heterogeneity within the Coos
Estuary. We propose that oceanic influence and proximity to
the deeply dredged channel at HI, as opposed to the more
terrestrially influenced SS location, is partly responsible for
the difference in DO history between the sites. This may also
be a function of estuary geometry as the tidal excursion
reaches the bend in the Coos Estuary where Haynes Inlet
enters the estuary (Sutherland and O’Neill 2016). Sutherland
and O’Neill (2016) found the deeper, more easily flushed,
shipping lane channel has acted as a DO buffer for the main
Coos Estuary, while the smaller South Slough is flushed with
main-channel water to a lesser degree (Wilson et al. 2007).
Another potential influence on main channel DO history is
widespread cultivation of Pacific oysters in the upper estuary
since the 1980s. Oyster aquaculture has been suggested to
alleviate organic pollution in other settings (Galimany et al.
2017), which could influence the rate of DO drawdown and
thus susceptibility to DO stress.

Direct comparison of South Slough and Haynes Inlet is
complicated by the substantial difference in temporal resolu-
tion between the two cores but indicates the distribution of
conditions that promote low DO in the estuary vary by loca-
tion in the estuary. At interannual-to-decadal time scales, sum-
mer discharge of the Coos River (which feeds the main estu-
ary) does not seem to play an important role in creating low-
DO conditions in the South Slough (Fig. 6). This lack of
correspondence may be due to the smaller watershed of the
South Slough compared to the entire Coos Estuary. However,
the highest summer South Fork Coos River discharge during
2010 (Fig. 6) corresponds to the highest peak in Ni/Ti and a
minimum in DO at SS. This correspondence could be related
to summer organic matter delivery (McConnachie and
Petticrew 2006), which would be particularly available to aer-
obic pathways during warm summer months. In the main
estuary even during a drier than average summer, discharge
of the Coos and Millicoma rivers is sufficient to replenish the
relatively deep, high-volume DO reservoir in the dredged
main channel (Sutherland and O’Neill 2016). South Slough,
however, joins the Coos Estuary close to the coast and is not

greatly affected by main-channel waters (Rumrill 2007).
Rather, the South Slough’s shallower channel and small wa-
tershed exacerbate the seasonality of the main Coos Estuary.
Generally, there is a well-mixed water column during the low-
est river discharge, and a more stratified salt-wedge in the
winter with cold, high DO, low salinity water up-estuary
(Sutherland and O’Neill 2016). The exception to this pattern
is that during periods of inner-shelf upwelling events DOmay
still be lowest near the estuary mouth (Connolly et al. 2010;
Adams et al. 2013). These hydrographic differences between
the main estuary and South Slough appear to explain the pri-
mary differences in sediment composition and DO proxies
between cores from HI and SS. This further suggests that
results from SS may be particularly relevant to other small
estuaries in Oregon, Washington, and California without
dredged channels.

Climate and Land Cover Change 1630–Present

Little evidence exists of upwelling patterns influencing prox-
ies of DO in the SS or HI cores (Fig. 6). While the smaller of
the two peaks in the trace metals (Ni/Ti) roughly corresponds
to the large upwelling event of 2002, other upwelling events
do not match the DO proxy. The DO record at CB (Figs. 1 and
5) shows evidence that the intense 2006 upwelling season
(Chan et al. 2008) affected patterns in estuarine DO, but this
did not manifest at the VI site in South Slough. This is inter-
esting because daily monitoring of nutrients and DO the upper
South Slough (see Fig. 1) have been shown to respond to
summer-season upwelling as a function of tidal forcing
(O’Higgins and Rumrill 2007). Thus, our study highlights
the differences in the short-term (daily) correlation of individ-
ual upwelling events with the DO and nutrient status of bays,
estuaries, and sloughs versus long-term (aggregated, interan-
nual) patterns in prevalence of low-DO inducing conditions.
Resolving this seeming contradiction between short-term and
long-term variability in the drivers of estuarine DO should be
a new direction for future research.

On centennial time-scales (Fig. 7), we contrasted an-
thropogenic effects (pre- and post-settlement) with cli-
matic forcing mechanisms represented here as the
Pacific Decadal Oscillation (PDO), an index of sea-
surface temperature with long-term reconstruction from
regional meteorological measurements (Zhang et al.
1997; Mantua 2016). PDO influences patterns in precip-
itation (and thus river discharge) as well as the preva-
lence of coastal fog and potential evapotranspiration
which also affect ecohydrological patterns over multiple
timescales. On the Oregon Coast, cool PDO corresponds
to increased winter precipitation and decreased summer
precipitation, whereas warm PDO decreased winter pre-
cipitation and drought (Goodrich 2007). A strong cool
phase of the PDO occurred from 1947 to 1954 and
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corresponds with lower Ni/Ti values at SS, which is a
notable departure from the long-term increase in Ni/Ti
from 1900 AD onward (Fig. 7). The subsequent return
to a PDO warm phase by 1976 also tracks the Ni/Ti at
SS, and higher PDO since then agrees with higher Ni/
Ti. To a lesser extent, the HI surface core data demon-
strate this pattern as well, with the lowest sustained Ni/

Ti at 30–45 cm (1945–1975; Fig. 4). This climatological
assessment agrees with our interpretation of modern hy-
drological influence which suggests that summers with
higher river discharge (low drought, warm PDO) are
more likely to experience low-DO conditions. From
these observations we suggest a regional climatic influ-
ence (e.g., PDO) on hydrological patterns is also
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reflected in the sedimentary record of low-DO
conditions.

Another key potential control on nutrients and oxygen is
the supply of organic matter as controlled by stream processes
and land use. However, land use in Coos County as measured
by timber harvest is a poor predictor of water quality proxies at
either site and on decadal to centennial scales (Figs. 6 and 7).
Land use patterns do appear impact sedimentation rates (see
Supplemental Information), but these rates also have unclear
relationships to our DO proxies (Fig. 7). A limitation in this
comparison is the lack of a spatially explicit logging history in
the forests proximal to coring sites. The primary land-use
changes of the last 100 years have been in the development,
expansion and decline of the timber industry, which suggest
that reconstructing vegetation change in the Coos Bay area
over this time period would provide a better understanding
of the land-use effects on sedimentation and water quality.
The centennial scale increase in population over the twentieth
century appears to explain much of the long-term increase in
Ni/Ti; however, decadal and sub-decadal variability appear to
be driven by other factors.

Conclusions

Our analysis of geochemical proxies for organic matter load-
ing, erosion, and redox-sensitive metals from the Coos
Estuary complex indicates that estuary sediments preserve a
record of interannual-to-decadal variability in water quality.
Furthermore, centennial scale variations in these proxies re-
flect land use and cover change through the history of indig-
enous Coos land stewardship practices and Euro-American
settlement and development. Additionally, trends in Pacific
climate indices (e.g., PDO) may play an important role in
establishing decadal DO trends.

Our geochemical proxies suggest that periods of low DO
are greater in the more isolated South Slough over the past
several decades compared to any time of the past ~ 300 years.
The most likely explanation for the increased oxygen stress is
increased organic matter loading, although we cannot rule out
effects of upwelling fertilization. Conversely, the mid-estuary
(Haynes Inlet) site oceanic influence may buffer watershed
impacts on DO status.

Our results strengthen the case for reinforcing water quality
monitoring programs in estuarine and coastal environments to
maintain the temporal continuity of environmental knowl-
edge. In particular, continuous monitoring records are crucial
tomaking sense of paleoenvironmental proxies for water qual-
ity. These proxy records in turn are a vital resource to scientists
and managers seeking to understand how current and future
environmental conditions compare with pre-monitoring con-
ditions and how sensitive coastal and estuarine ecologies may
be impacted by our changing world.
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