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Water temperature variability
in the Coos Estuary and its
potential link to eelgrass loss

Maria Jose Marin Jarrin1*, David A. Sutherland1

and Alicia R. Helms2

1Department of Earth Sciences, University of Oregon, Eugene, OR, United States, 2South Slough
National Estuarine Research Reserve, Charleston, OR, United States
Subtidal water temperatures in estuaries influence where organisms can survive

and are determined by oceanic, atmospheric and riverine heat fluxes, modulated

by the distinct geometry and bathymetry of the system. Here, we use 14 years of

data from the Coos Estuary, in southwest Oregon, USA, to explore the impact of

anomalously warm oceanic and atmospheric conditions during 2014-2016 on

the estuary temperature. The arrival of a marine heatwave in September 2014

increased water temperature in the greater Pacific Northwest region until March

2015, and again from July to August 2015. Additionally, in 2014-2016, the

Equatorial Pacific showed increased temperatures due to El Niño events. In the

Coos Estuary, this warming was observed at all the water quality stations,

producing more than 100 days with temperatures at least 1.5°C warmer than

normal, and notably, a higher prevalence during Fall and Winter seasons. Larger

temperature variations occurred at shallower stations located further away from

the mouth of the estuary, changing the along-estuary temperature gradient and

potentially the advection of heat through the estuary. After the onset of these

increased temperatures, eelgrass declined sharply, but only in certain stations in

the shallow estuary South Slough and has not yet returned to long term average

values. As global temperatures continue rising due to climate change, increased

numbers ofmarine heatwaves and El Niño events are expected, leading to higher

temperature stress on the marine ecosystem within estuaries.

KEYWORDS

temperature, estuary, bathymetry, marine heatwave, El Niño, Eelgrass (Zosteramarina)
Introduction

Estuaries act as mixing zones between oceanic and riverine waters, providing many

ecosystem and cultural services (Milcu et al., 2013; Sherman and DeBruyckere, 2018;

Zapata et al., 2018), and motivating numerous studies to examine the links between

environmental conditions and ecosystem health (Costanza et al., 1997; Seppelt et al.,
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2011). In the Pacific Northwest (PNW; Figure 1), estuaries are

influenced on the ocean side by the primarily wind-driven

California Current System (CCS; Hickey and Banas, 2003).

These winds driving the CCS along the west coast of North

America are forced by atmospheric circulation related to the

North Pacific High and the Aleutian Low, which vary seasonally.

In the winter the Aleutian Low migrates southward, producing

downwelling-favorable winds along the PNW, while in summer

the North Pacific High migrates northward producing

southward-directed upwelling-favorable winds (e.g., Huyer,

1983; Hickey and Banas, 2003; Davis et al., 2014). Upwelled

waters on the PNW continental shelf are typically colder

(Figure 1B), with higher salinity, higher nutrients and lower

oxygen levels. During winter, storms produce episodic river

discharge events that result in lower salinity, lower

temperature and higher turbidity along the coast (Hickey and

Banas, 2003; Huyer et al., 2007).

The CCS exhibits significant interannual variability on top of

its seasonal hydrographic changes (Figure 1C). These

interannual variations are dominated by the El Niño Southern

Oscillation (ENSO), where positive values of the Ocean Niño

Index (ONI) are related to higher temperatures and sea level at

the mouth of PNW estuaries (Wyrtki, 1984; Huyer et al., 2002).

The triad of Sep-Oct-Nov 2014 ONI index registered SST

anomalies greater than 0.5 °C in the Niño 3.4 region (5°N-5°S,

120°-170°W), which led to an officially declared El Niño in the
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Equatorial Pacific (https://origin.cpc.ncep.noaa.gov/). Though

this first El Niño warm pulse was weak (0.5 °C in May-2014),

another El Niño event produced SST anomalies of 4 °C in 2015,

with maximum anomalies between Nov-2015 and Jan-2016.

Positive anomalies were observed in this ENSO area until

March-April-May 2016, with a peak of anomalies of 2.6 °C at

the end of 2015. On decadal time scales, variations can be related

to the Pacific Decadal Oscillation (PDO) and the North Pacific

Gyre Oscillation (NPGO), which emerge as the first and second

principal components of sea surface temperature and sea surface

height, respectively (Di Lorenzo et al., 2008; Capotondi et al.,

2019). The NPGO correlates with wind stress in the North

Pacific, with weakened wind-driven upwelling occurring when

the index is negative (Di Lorenzo et al., 2008). A positive PDO

pattern, which is associated with a strengthened Alaskan gyre, is

correlated to increased coastal upwelling between 38°N and 48°

N (Chhak and Di Lorenzo, 2007; Di Lorenzo et al., 2008).

On top of these basin-scale patterns, marine heatwaves

(MHWs) in the Eastern Pacific Ocean also contribute to

interannual variations. MHWs are a result of decreased surface

cooling in the Gulf of Alaska and decreased equatorward Ekman

transport due to an atmospheric ridge (Di Lorenzo and Mantua,

2016; Capotondi et al., 2019). For example, during the winter of

2013, the MHW termed the “Blob” (Bond et al., 2015) was

observed in the North Pacific and moved onto the shelf from

Sep-2014 until Mar-2015, increasing SST more than 1.5 °C at the
A B
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FIGURE 1

(A) Estuaries in the PNW where eelgrass (Zostera marina) is present, including our study area (Coos Bay). The Stonewall buoy is also shown as a
black circle. (B) Water temperature at the Stonewall buoy with the climatological mean calculated for 2004-2014 (black) and the daily averaged
values with a 30-day low pass filter (blue). (C) Basin scale indices (water temperature anomaly): Oceanic Niño Index (ONI; gray area), North
Pacific Gyre Oscillation (NPGO; red line), and Pacific Decadal Oscillation (PDO; blue line).
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Stonewall buoy (Figure 1B). Positive anomalies (>1.5 °C) were

observed at Stonewall again from Jul-2015 to May-2016 related

to a second marine heatwave (Di Lorenzo and Mantua, 2016;

Gentemann et al., 2017). Anthropogenic global warming is

resulting in increased temperatures as well, which are

predicted to increase stratification and reduce availability of

nutrients higher in the water column, akin to the variations

observed during El Niño years (Schneider, 1993; Di Lorenzo

et al., 2009; Barnard et al., 2017). During 2014–2016, when the

Coos Estuary showed anomalously warm waters (Shanks et al.,

2020), the Equatorial Pacific was anomalously warm due to an El

Niño event (Jacox et al., 2016), while MHWs were present on the

PNW continental shelf.

The seasonal patterns in the continental shelf hydrodynamics

influence the ecology of the PNW ocean and estuaries. For

example, many local fish and invertebrates spawn in the winter

to ensure the retention of pelagic eggs and larvae nearshore

(Logerwell et al., 2003; Bi et al., 2011; Shanks et al., 2020). Plants

are also influenced by the seasonal patterns in temperature. For

example, eelgrass (Zostera marina) carries fewer leaves in the

winter, while in the summer, they present a greater number of

longer and thicker shoots (Phillips et al., 1983). This marine

flowering plant forms broad meadows in intertidal and shallow

subtidal flats, as well as fringe meadows on steeper shorelines,

hence specific genotypes are selectively adapted to different

habitats and environmental stressors (Phillips, 1984; Hessing-

Lewis et al., 2011). Thom et al. (2003) showed the greatest

densities of eelgrass in the Coos Estuary, OR, were found in the

most marine-influenced sites. These sites had a smaller seasonal

temperature range, while the stations further away from the

mouth of the estuary were subjected to broader temperature

ranges, higher turbidity, and lower salinity.

Many environmental parameters, outside a specific species-

dependent range, can cause stress on the fauna and flora of

estuaries, including salinity, water temperature, turbidity, light

availability, air temperature, water velocity, and nutrient levels

(Thom et al., 2003; Echavarria-Heras et al., 2006; Lee et al., 2007;

Nejrup and Pedersen, 2008; Kaldy, 2012; Kaldy, 2014; Salo and

Pedersen, 2014; Basilio et al., 2017; Daly et al., 2017; Magel et al.,

2022). For example, declines in eelgrass populations have been

observed in the PNW and were related to increased water

temperatures after the 1997-1998 El Niño event (Thom et al.,

2003). Water temperatures above 25°C can significantly reduce

photosynthetic and respiration rates (Nejrup and Pedersen,

2008; Gao et al., 2017; Beca-Carretero et al., 2018), inhibit leaf

growth (Zimmerman et al., 1989), as well as increase

susceptibility to eelgrass wasting disease (Kaldy, 2014; Groner

et al., 2021). As a response to warm seasons, Z. marina may

respond by reproducing sexually through the production of

flowers and seeds (Lee et al., 2007). These seeds can also be

affected by temperature by changing the size and chemical

composition (Jarvis et al., 2012; Delefosse et al., 2016), and if
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the temperature stress is perennial, the eelgrass beds may not be

able to survive (Jarvis et al., 2012).

Here, we study the seasonal and interannual variability of

water temperature within the Coos Estuary to explore its links

with a recently observed decrease in eelgrass abundance. Using

long-term observations, we evaluate the impact of the ambient

ocean conditions, river discharge and atmospheric heat flux on

the water temperature in the estuary. Our observations show

that temperature varies locally and seasonally across specific

regions of the estuary, much like the observed eelgrass declines,

and is driven by a combination of basin scale variability and local

conditions dictated by the strongly-forced estuary.
Study area

The Coos Estuary is located inshore of a narrow continental

shelf south of Stonewall Bank (Hickey and Banas, 2003) and is

the second largest estuary in Oregon in terms of area and volume

(Figure 1). Water temperatures inside the Coos Estuary are

significantly correlated with continental shelf values as measured

by the Stonewall buoy (Strub et al., 1987; Miller and Shanks,

2004; Huyer et al., 2007). At the Stonewall buoy, temperature

shows a seasonality related to the CCS: equatorward winds drive

cold upwelled waters towards the coast during the summer,

while during the winter southward winds produce downwelling

accompanied with warmer waters. On top of this seasonality,

several warm-water events have been registered at the Stonewall

buoy, including El Niño events which produce 1-2°C anomalies

(Huyer et al., 2002; Peterson et al., 2017) and MHWs, which in

2014 produced an anomaly of 7°C in 1 hour at the Stonewall

buoy (Gentemann et al., 2017; Shanks et al., 2020). These ocean

conditions set the boundary conditions at the mouth of PNW

estuaries and can travel up-estuary at a rate on the order of 10

km d-1, at least in the case of Willapa Bay (Hickey and

Banas, 2003).

The propagation of oceanic signals into an estuary is

produced by a combination of baroclinic, barotropic and

diffusive processes, which depend on the geometry, depth, and

forcing of each system. The main channel of the Coos Estuary

(Figure 2) is annually dredged from the mouth to 24 km up-

estuary near the Coos River entrance, to maintain 11 m of depth

and 91 m of width (Eidam et al., 2020). Adjacent tidal flats, inlets

and sloughs branch out of the main channel; these shallow areas

range between 0.5 m above MLLW to 1.0 bellow MLLW of

depth, extend approximately 15 km2 and provide the primary

habitat for Zostera marina (Emmett et al., 2000; Groth and

Rumrill, 2009; Eidam et al., 2020). The main source of freshwater

is the South Fork Coos River in the eastern portion of the estuary

(Figure 2), which has a total discharge that ranges from 2 to 800

m3 s-1, with maximum peaks related to winter storm events.

Additionally, there are numerous other sources of freshwater,
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FIGURE 2

The Coos Estuary, showing bathymetry in meters below mean sea level (colored contours) and the location of water quality monitoring stations
(black triangles), meteorological stations (red triangle), tide gauge (blue circle), freshwater sources (green circles), and eelgrass stations (red
diamonds). Black numbers refer to distance (in km) from the mouth along the thalweg; blue numbers show distance (in km) from the
intersection of South Slough with the main estuary.
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including the Winchester, Elliot and Joe Ney Creeks that feed

into South Slough. South Slough is a shallow sub-estuary that

trends southward about 3 km from the mouth of the main

estuary, has a natural depth of 5 m in its un-dredged sinuous

channel, and is home to the South Slough National Estuarine

Research Reserve (SSNERR), which collects water quality and

eelgrass data throughout the entire estuary.

The subtidal estuarine exchange flow in the Coos Estuary is

relatively constant throughout the year as it is dominated by

tides, with a small secondary increase in winter as river discharge

ramps up (Conroy et al., 2020). The main semidiurnal tidal

constituent, M2, height amplitude is 0.8 m, with mean tidal

currents of 1 m s-1 resulting in a tidal excursion of 14 km

(Baptista, 1989). Sutherland and O’Neill (2016) showed that the

Coos Estuary has characteristics of a salt-wedge during high

river discharges, a well-mixed estuary during low discharges, and

a partially-mixed estuary during moderate discharge times. They

also found that, as in other estuaries in the PNW, Ekman-driven

upwelling moves high-salinity, low-temperature, low-oxygen
Frontiers in Marine Science 04
waters into the estuary (Sutherland and O’Neill, 2016).

Though estuaries are expected to be exporters of nutrients

(e.g., Roegner et al., 2002; Roegner et al., 2011), Roegner and

Shanks (2001) found that the Coos Estuary, specifically the

seaward portion of South Slough, is an importer of nutrients

in the summer, due to the close proximity of the coastal ocean.

Eelgrass, which plays a key role in the coastal zone

worldwide (Phillips, 1984; Hosack et al., 2006; Lee and Brown,

2009), has decreased in abundance in PNW estuaries (Magel

et al., 2022), including the Coos at one annually-sampled site. In

the Coos, eelgrass is spatially variable, and estuary-wide eelgrass

presence has been obtained through aerial photography and

high density lidar intensity images from 2005 and 2016 with the

aid of the US Environmental Protection Agency (EPA) and the

Pacific Marine and Estuarine Fish Habitat Partnership (PMEP),

respectively (Clinton et al., 2007; Sherman and DeBruyckere,

2018). In May 2005, false color, near-infrared aerial photography

(Supplementary Figure 1A) revealed high eelgrass density in the

Coos Estuary covering 24x106 m2 of total area. Higher density is
frontiersin.org
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observed in locations closer to the mouth of the estuary, where

colder more saline oceanic waters flood the tidal flats (Thom

et al., 2003). In July 2016, airborne, multispectral imagery was

collected over Coos Bay that led to map of presence/absence of

eelgrass beds (Supplementary Figure 1B). This 2016 survey

revealed a decrease of eelgrass-covered area in the Coos

Estuary, with higher presence in the main channel than in

South Slough (Supplementary Figure 1B), despite the

proximity of the sub-estuary to the mouth of the estuary and

influence of coastal waters (Raimonet and Cloern, 2017).

Previously, Thom et al. (2003) showed that stations in the

Coos Estuary closer to the mouth had higher values of eelgrass

density (100–200 shoots per m2) related to the influence of

oceanic, low-turbidity waters, while stations farther away from

the mouth of the estuary had smaller density, related to

increased turbidity due to the input of freshwater. A similar

result was found across multiple PNW estuaries by Magel et al.

(2022). Thom et al. (2003) also suggested that eelgrass decline

was correlated with anomalously warm waters during the 1997–

1998 El Niño; the degree to which this happens again between

2014-2016 is the subject of this study (Figure 1). However,

despite the proximity of South Slough to the mouth of the

estuary, the spatial signature of eelgrass declines between 2005

and 2016 reveals that a simple picture of proximity to the ocean

leading to loss does not hold, i.e., other factors influencing

temperature along and across the estuary must play a role.
Frontiers in Marine Science 05
Methods

Environmental conditions

We obtain water property, sea level, river discharge and

meteorological conditions from several monitoring stations

located in the estuary (Figure 2 and Table 1). Inside South

Slough, the Charleston Bridge, Valino Island and Winchester

Arm stations are telemetered to provide near real-time data

access by SSNERR (http://nvs.nanoos.org). Temperature,

salinity and various other parameters, are measured

automatically every 15 minutes at all stations (Figure 3). The

instruments are maintained monthly to limit biofouling by

SSNERR (NOAA National Estuarine Research Reserve System

(NERRS), 2020).

Meteorological data were obtained from stations both offshore

and on land. Offshore wind data, taken to be representative of

upwelling or downwelling conditions at the coast, are from the

NOAA Stonewall Bank buoy (Figure 1), approximately 120 km

north of the estuary. We use hourly wind data to calculate the

along-shore north-south component of wind stress (Large and

Pond 1981), given the wind speed at the height above ground

from each station (Table 1). Surface water temperatures were also

obtained from the Stonewall buoy at hourly intervals. On land,

wind velocity data were extracted from a meteorological station at

the North Bend Southwest Oregon Regional Airport (Table 1,
TABLE 1 Information on oceanographic and meteorological stations analyzed in this study.

Station Institution Date range Water depth/height (m) Distance from mouth (km)

Eelgrass sampling stations

Collver Point SSNERR 2004–present Intertidal 4.5

Valino Island SSNERR 2004–present Intertidal 6.3

Hidden Creek SSNERR 2010–present Intertidal 8.8

Danger Point SSNERR 2004–present Intertidal 9.9

Water quality stations (water temperature, salinity)

Charleston Bridge (CH) SSNERR 2002–present 4.0 / 0.5 3.0

Valino Island (VA) SSNERR 1999–present 2.4 / 0.5 5.6

Winchester Creek (WI) SSNERR 1995–present 1.1 / 0.5 7.1

Empire Docks (EMP) CTCLUSI 2011–2014 6.0 / 0.5 6.9

North Spit BLM CTCLUSI 2008–2016 10.5/0.5 8.2

KoKwel Wharf (Coquille) Coquille Indian Tribe 2013–2017 19 18.6

Sea level from tide gauge

Charleston #9432780 NOAA 1991–present 3.0 / – 3.0

Meteorological stations (wind, air temperature)

North Bend airportWBAN #24284 NOAA 1949–present 5.1 (elev.) 12.5

Stonewall buoyNDBC #46050 NOAA - NDBC 1991–present 3.8 (elev.) 147.5

River gauge station

South Fork of Coos River. St.#14323600 Coos Watershed Association 2003–present 44 (elev.) 49

Winchester Creek Coos Watershed Association 2010–2011; 2015–present 3.5 m (depth of channel) 10.8
Locations shown in Figure 1. Instrument height above bottom is shown, as depths change tidally.
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location shown in Figure 2). The North Bend airport also provides

air temperature, relative humidity, barometric pressure, total solar

radiation and precipitation.

River discharge data from the South Fork Coos River gauge

(Figure 2 and Table 1) from 2003 to present were used as a proxy

for the variation in freshwater input to the estuary. Additionally,

there are river discharge and water temperature data at

Winchester Creek, the main source of freshwater entering the

landward end in South Slough, available from 2011 and 2013-

2016 (Figure 2 and Table 1). Hourly tidal height time series were

obtained from a NOAA tide gauge in Charleston (Figure 2

and Table 1).
Heat budget

We use a heat budget approach to determine the total heat

content of the volume of water of the estuary, from heat fluxes

through the volume boundaries (Smith, 1983; Stevenson and

Niiler, 1983). Here, we explore the heat budget of the Coos

Estuary qualitatively, using a simplified heat budget for a shallow

and vertically well mixed estuary,

∂Tav

∂ t
+ uav

∂Tav

∂ x
+ Residual =

Q0

rCph
(1)

where Tav and uav. are depth-averaged temperature and

along-estuary horizontal current, respectively. We neglect

several terms in the full heat budget, which are contained in
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the “Residual” term in Eq. 1 and are described next. Since surface

to bottom differences in temperature in the Coos Estuary are out

of phase with sea level differences, as well as with velocity

(Roegner and Shanks, 2001; Conroy et al., 2020), we can

assume heat divergence and entrainment are small. We also

neglect the vertical heat flux through the sediment at the bottom,

given the turbidity in the estuary as well as the amount of

vegetation that both reduce the exchange of heat between the

sediment and the water (Evans et al., 1998; McKay and

Iorio, 2008).

This simplified heat budget, then, contains four terms: the

heat storage, the along-estuary advective heat flux divergence,

the residual term which includes the neglected terms, and on the

right-hand side (RHS), the atmospheric heat flux. The storage of

heat in the water column (first term in Eq. 1), is a partially

measurable variable, since the measurements are obtained at a

single depth (0.5 m). However, Sutherland and O’Neill (2016)

show that in most of the profiles along the estuary, temperature

isolines are nearly vertical, indicating well-mixed conditions.

Hence, we assume that the point measurements represent the

water column, though this assumption is most uncertain during

high discharge (Sutherland and O’Neill, 2016).

The heat flux term is Q0 which is the net surface heat flux, r
is density averaged over the water column and Cp is the specific

heat of sea water, both calculated as a function of temperature

and salinity, and h is the time-varying water depth. Q0 may be

decomposed into the incoming solar short-wave radiation,

outgoing longwave radiation, latent heat exchange due to
FIGURE 3

(A) Eelgrass density at 4 stations in South Slough. The 2004-2014 climatology for Valino is shown in broken green line. (B) Long-term
hydrographic characteristics at 4 SSNERR stations, Charleston WQ (blue), Valino WQ (thick green), Winchester WQ (red) and the Stonewall buoy
(black), showing low-pass filtered water temperature over 2014–2018. (C) same as in (B) but for salinity. (D) Air temperature at the North Bend
Airport meteorological station (black) and South Fork of the Coos River discharge (gray). For locations, see Figure 2.
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evaporation or condensation, sensible heat exchange at the

surface and heat exchange due to precipitation (assumed here

to be negligible). Shortwave and longwave radiation, were

obtained from the NCEP-NCAR Reanalysis (Kalnay et al.,

1996) at the land location closest to the Coos Estuary (123.75°

W, 44.7611°N). Sensible and latent heat fluxes are estimated

using bulk formulae from the MATLAB Air-Sea toolbox

(https://github.com/sea-mat/air-sea), using the water quality

parameters at Valino WQ and the meteorological observations

at the North Bend airport.

The second term in Eq. 1 represents the horizontal advective

flux divergence of heat past a point in the along-estuary

direction. We assume the across-estuary advective heat flux

divergence is small, since the across-channel velocity is 2

magnitudes smaller than the along-estuary component

(Roegner and Shanks, 2001; Conroy et al., 2020). Hence, it is

included in the “Residual” term of Eq. 1. We calculate the along-

estuary advective component of the heat budget by assuming

that the heat storage (first term in Eq. 1) minus atmospheric heat

flux (RHS in Eq. 1), is dominated by the along-estuary advective

heat fluxes plus the residual. These horizontal heat flux

divergences depend on the temperature gradient and velocity,

which change due to the influence of the oceanic and riverine

end-members.
Eelgrass (Zostera marina) in the
Coos Estuary

Changes in the environmental conditions of an estuary have

been observed to modify the seasonal trends of Zostera marina

(Table 2). Due to the observed response of Z. marina to

temperature, salinity and turbidity (Table 2), we use eelgrass

as a proxy of response to environmental stressors in the Coos
Frontiers in Marine Science 07
Estuary. The availability of observations and the importance of

eelgrass to the ecosystem here and worldwide (e.g., Short and

Coles, 2001) make it a critical species to examine. Table 2

synthesizes the current literature on temperature, salinity and

turbidity on eelgrass density in estuaries in the PNW. Generally,

warmer waters and waters with salinity outside an optimal range

stress the eelgrass along the west coast. Although sediment also

plays a role in eelgrass health, it is beyond the scope of variables

we explore here.

SSNERR surveys eelgrass in the Coos Estuary, including

quarterly to annual monitoring of percent cover, shoot density,

canopy height and flowering shoot counts at 4 locations in South

Slough (Table 1). Collver Point, Valino Island, Hidden Creek,

and Danger Point, are sampled using SeagrassNet and NERRS

biomonitoring protocols (Short et al., 2006). Eelgrass

characteristics are sampled at 0.25 m2 quadrats along

permanent transects during low tides (Supplementary

Figure 2). From 2004 to 2015, Valino Island transects

contained 12 plots, and from 2016 to present 6 plots were

added to the low and mid transects for a total of 18 plots.
Climatology and statistics

In order to compare the oceanographic and meteorological

conditions of the Coos Estuary between 2014-2016 with the

years before the observed eelgrass decline, we used the available

data from 2004-2014 to calculate daily averages and standard

deviations. Once the daily climatology was calculated, event-

driven variability was filtered out by using a low-pass 30-day

filter. Correlations between time series were calculated at

different time lags, with significance level of 95%, using the

large N (number of observations) approximation r̂ crit(a ,  N) =
qt (

a
2 ,N−2)
ffiffiffi

N
p , where qt refers to the Student’s-t distribution with N-2
TABLE 2 Temperature, salinity and turbidity optimal physiological values and thresholds for the survival of Zostera marina in the Pacific Northwest.

Parameter Optimal
values

Threshold Location Season/
Month

Source

Temperature 10–20 °C >18 °C Coos Bay, OR July-August
(1998-2001)

(Thom et al., 2003)

16–19.1 °C >18 °C Willapa Bay, WA July-August
(1998-2001)

(Thom et al., 2003)

15–23 °C >25 °C (stressful) >30 °C (lethal) Yaquina Bay, OR (collected) In lab (Kaldy, 2014)

15.4–24.2 °C >32 °C Puget Sound, WA (Phillips, 1984; Thom et al., 2018;
Thom & Albright, 1990)

1.5 – 2.5 °C above normal San Diego, CA (Johnson et al., 2003)

Salinity 24.5–32.1
psu

Coos Bay, OR July-August
(1998-2001)

(Thom et al., 2003)

13.3–29.2
psu

Willapa Bay, WA July-August
(1998-2001)

(Thom et al., 2003)

Turbidity or
Irradiance

limited to substrates where at least 1% of
the incident light remains

South Oyster Bay, Long Island
Sound, New York

(Phillips, 1984)
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degrees of freedom, and a s the lower-tail confidence region, in

our case 0.05. The water-year climatological cumulative river

discharge was calculated from October 1st to September 30th,

from 2004 to 2014. We define dry conditions in the estuary to be

values below 95% of the climatological cumulative

discharge value.
Results

Climatological environmental conditions
in the Coos Estuary

Water temperature and salinity levels in the Coos Estuary

are influenced by the atmosphere (wind and heat fluxes),

ambient ocean conditions, and river discharge (Figure 3).

During the winter, storms produce enhanced northward winds

locally over the estuary (Figure 4). These same storms bring rain,

increasing river discharge into the estuary episodically

(Figure 4). Over the climatological period examined here

(2004-2014), river discharge between November and May

reached an average of 32 m3 s-1 (although peaks in distinct

years show much higher individual event magnitudes), after
Frontiers in Marine Science 08
which is a dry period between June and October, where the

average discharge decreased by an order of magnitude to 3.2 m3

s-1 (Figure 4D). The average water-year cumulative discharge

calculated for the South Fork Coos River is 6330 m3 s-1. In a

typical year, 90% of this cumulative discharge is accumulated

between November and April.

During the dry summer, air temperature reached maximum

values of 15.2°C at the North Bend airport station, while in

winter, values below 7 °C were recorded (Figure 4C). Outside the

estuary, water temperatures at the Stonewall buoy location

(Figure 4B) showed a similar pattern of seasonal variability:

during the summer, temperatures increased, averaging 13 °C,

albeit with event-driven decreases in temperature between July

and September when upwelling brings colder waters to the coast.

During the winter, colder water temperatures were observed at

Stonewall, averaging 10 °C, and related to wintertime

atmospheric heat loss.

Subtidal data from the Coos show that estuarine temperature

is strongly correlated to the temperature variability on the

nearby continental shelf (ocean end-member), but the

correlation weakens with distance from the mouth

(Supplementary Figure 3). Additional spatial variability is

induced by the heterogenous input of freshwater: the main
B

C

D

A

FIGURE 4

Environmental conditions outside the estuary during 2013-2017. (A) Daily averages with a 30-day low pass filter of North-South wind stress (N m-2)
from the North Bend Airport meteorological station (red lines) showing 2004-2014 climatological mean calculated for 2004-2014 (thick black lines),
thin black lines show ±1 standard deviation. Vertical red bands show periods in which water temperature at Charleston WQ is 1 standard deviation
above the 2004-2014 climatology (Figure 6). Vertical gray bands show periods in which eelgrass density at Valino is at least 1 standard deviation
below the 2004-2014 climatology. (B) same as (A) but for surface water temperature (°C) at the Stonewall buoy, (C) same as (A) but for air
temperature (°C) at the North Bend Airport meteorological station, (D) same as (A) but for South Fork Coos River discharge (m3 s-1).
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estuary receives the largest magnitude sources of river water

(>10 freshwater sources) while South Slough has fewer sources

with relatively smaller magnitudes (374 m3 s-1 for the entire

estuary, 8.8 m3 s-1 for South Slough).

Inside the estuary, the 2004-2014 temperature climatology

shows maximum values between July and October (Figure 5),

which coincides with the highest air temperature values

(Figure 4C) and reduced freshwater input (Figure 4D). The

highest water temperatures were observed in stations further

away from the mouth (KoKwel, 18 °C; and Winchester, 18.4 °C)

during this season (Figure 5). Salinity was also high during the

dry summer period with maximum values at the station closest

to the mouth (Charleston, 29.2 psu). Winchester Creek data

(Figure 6) showed that river temperature increases during the

summer, yet remains ~2 °C cooler than both the Valino and

Winchester locations in the estuary. At the end of the dry period,

before freshwater increases, Charleston WQ (station closest to

the mouth of the estuary) registered temperatures up to 3.5 °C

colder and 9.6 psu saltier than Winchester WQ (station furthest

up-estuary in South Slough), due to the influence of upwelling

on the coastal ocean. Valino WQ (station located mid-estuary in

South Slough) also registered the influence of cold salty upwelled

waters, while Winchester WQ and Winchester Creek

temperature continued to increase (Figure 5).

The rainy period, from November to March, was

characterized by colder waters in Winchester Creek (Figure 6F).

During this season all stations had similar temperatures

(Figure 5), with even lower peaks during increases in discharge

(Figure 4B). Due to the increase in freshwater input, salinity

decreases, with lowest values in the stations closest to the river
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mouths (Winchester and KoKwelWharf, and the eelgrass stations

of Danger and Hidden). Despite KoKwel Wharf being closer to

the input of freshwater from Coos River, temperature is slightly

higher than BLM (10.2 °C, Figure 5). Long time series for the

EMP, BLM, and KoKwel Wharf WQ stations are not available.

However, existing data from 2013-2016 (Figures 6A–C) shows the

strong seasonal pattern of temperature and salinity in these

stations within the main channel. Salinity is highest at EMP, the

station closest to the mouth, while KoKwel Wharf (closer to the

main freshwater source) responds with greater amplitude

variations to storm events (i.e., much fresher during February).
A few stressful years

A combination of anomalous atmospheric and oceanic

processes occurred in the PNW from late 2013 until 2017:

during the winter of 2013, “The Blob” was observed in the

North Pacific due to a high-pressure system, moving onto the

shelf from Sep-2014 until Mar-2015, increasing sea surface

temperature more than 1.5 °C, i.e., the eelgrass threshold

(Figure 1B). At the end of 2014, a strong El Niño event was

registered in the Equatorial Pacific (up to 2.6 °C anomalies by the

end of 2015, Figure 1C), influencing the PNW with warm

anomalies of more than 1.5°C from Jul-2015 to May-2016,

with additional input of heat due to another marine heatwave

(Figure 1B). These anomalies would exceed the temperature

stress threshold for eelgrass in the PNW (Table 2).

The persistent high-pressure also impeded the arrival of

winter storms in 2013-2014, reducing river discharge and
FIGURE 5

Spatial distribution of temperature (top plots) and salinity (bottom plots) 2004-2014 climatology derived at stations inside the Coos Estuary
during Winter (left), Summer (middle) and Upwelling (right) time periods. Blue numbers refer to distance (km) from the mouth along the thalweg
in the main channel and along the channel in South Slough.
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increasing air temperature at the estuaries in the PNW (Wang

et al., 2014). During the winter of 2013-2014, the PNW

experienced drought conditions reflected in the below-average

water-year cumulative discharge at the South Fork Coos River

location: 3240 m3 s-1 during 2013, and 4750 m3 s-1 during 2014,

only 50% and 71% of the 2004-2014 climatological cumulative of

6330 m3 s-1, respectively (Figure 4D). Lower river discharge is

also related to the higher-than-average salinity during 2013 and

2014 (Figure 7). During this warm period, the Coos Estuary

experienced extended time periods with water temperature ≥1.5°

C than the mean: Charleston WQ registered 107 of the

anomalously warm days during 2014, 116 days in 2015 and

146 days in 2016 (Supplementary Figure 4, calculated using the

low-pass filtered data). The intrusion of anomalously warmer

water in the Coos Estuary is especially noticeable during the Fall

and Winter of 2014–2016 (Figure 6). In fact, of the days ≥1.5 °C

the mean, 80% occurred during the winter months of October to

December. In Oct-2014, water temperature registered 1 standard

deviation above the mean at KoKwel Wharf, Charleston, Valino

and Winchester, until the following Apr-2015. From Jul-2015

until May-2016, anomalously warm waters were again observed,
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with only short periods within 1 standard deviation of the mean.

Despite the proximity of Valino WQ and Winchester WQ to the

ocean boundary (5.6 and 7.1 km respectively, Figure 2), these

stations showed a greater number of days with temperature

anomalies above 1.5 °C in 2013-2016 compared to other water

quality stations at similar or greater distance (Supplementary

Figure 4), suggesting local estuarine dynamics are important.

Winchester Creek also showed waters 2°C warmer than its 2004-

2014 climatology in 2015, when discharge values were close to

normal (Figure 6F). These temperatures were close to the

estuarine water quality station at Winchester, during the rainy

winter season of 2015 (Figure 6F).
Heat budget in the Coos Estuary

The heat budget decomposition shows that heat storage

(Figure 8A) is very small with no seasonal pattern. The net

surface heat flux (Figure 8B),Q0 , decomposed into the incoming

solar short-wave radiation, outgoing longwave radiation, latent

and sensible heat exchange at the surface, is highest in the
B

C

D

A

E

F

FIGURE 6

Coos Estuary water temperature during 2013-2017, thick black lines show 2004-2014 climatological mean, thin black lines show +/- 1 standard
deviation, thin red line shows daily averages with a 30-day low pass filter. Red bands show periods in which water temperature at Charleston
WQ is 1 standard deviation above the 2004-2014 climatology (black line in Figure 6D). Gray bands show periods in which eelgrass density at
Valino is below the 2004-2014 climatology by one standard deviation. Correlation between Charleston WQ and the Stonewall buoy shown in
text (significance level = 0.04). (A) KoKwel Wharf, (B) EMP, (C) BLM, (D) Charleston, (E) Valino and (F) Winchester WQ and Winchester Creek
(blue). 18 °C eelgrass temperature threshold in broken black line for reference.
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summer and becomes negative in the winter, representing heat

loss. Shortwave and longwave radiation have the greatest

magnitudes, with values that fluctuate seasonally between 250

and 50 W m-2 (shortwave) and -90 and -50 W m-2 (longwave).

Sensible and latent heat, though smaller, also show a seasonal

pattern with positive values in July and August, related to wind

and the air-sea temperature difference. Compared to the 2004-

2014 climatology, Q0 during 2014–2016 was anomalously

positive (when data are available), mainly due to the

shortwave radiation from March to July in those years, and

parallels the anomalously high air temperature (Figure 4C).

The 2004-2014 climatology of along-estuary advective heat

flux divergence, which depends on the temperature gradient and

velocity, shows a strong seasonal pattern mostly in South Slough

(between Charleston and Winchester WQ stations, 4.1 km

apart), while the main channel (between Charleston and BLM

WQ stations, 7.3 km apart) shows a smaller seasonal gradient

(Figure 8). Stronger differences between Charleston and

Winchester are observed during the dry season (up to -7 °C in

late July), due to minimal river discharge and cooler upwelled

waters on the oceanic side. In the winter, positive values of ∂Tav
∂ x ,
Frontiers in Marine Science 11
are observed in South Slough, when cooler river discharge closer

to Winchester WQ reduces temperature there (Figure 6D) while

the oceanic values vary relatively little. Water temperatures at

Valino are significantly correlated (r2 = 0.62) to the along-

estuary temperature gradient calculated here, with a change in

sign of ∂Tav
∂ x at 11.6 °C. Our data shows that during the dry

seasons of 2014–2016 (Figure 8D), the temperature gradient was

stronger (more negative, especially in 2015–2016), due to

warmer waters in the oceanic end member. This is observed in

both South Slough (r2=0.6, Stonewall warmer 43 days before

South Slough ∂Tav
∂ x ) and in the main channel. During the rainy

season, the temperature gradient is usually driven by increased

discharge due to storm events. In the estuary, discharge from the

Coos River increases 18 days before the along-estuary

temperature gradient changes sign to positive values at South

Slough ( ∂Tav
∂ x r2=0.6; Figure 4D). In 2013-2014, drought-induced

reduced river discharge (Figure 4) would have decreased the

advective export of water, while in 2014–2016 closer-to-normal

river discharge would have exported relatively warmer riverine

waters toward the mouth of the estuary (see winter of 2015

in Figure 6).
FIGURE 7

Coos Estuary salinity during 2013-2017, thick black lines show 2004-2014 climatological mean, thin black lines show ±1 standard deviation, thin
red line shows daily averages with a 30-day low pass filter. Red bands show periods in which water temperature at Charleston WQ is 1 standard
deviation above the 2004-2014 climatology (black line in Figure 6D). Gray bands show periods in which eelgrass density at Valino is below the
2004-2014 climatology by one standard deviation. Correlation between Charleston WQ and the Stonewall buoy shown in text. (A) KoKwel
Wharf, (B) EMP, (C) BLM, (D) Charleston, (E) Valino and (F) Winchester WQ.
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Quarterly variability of eelgrass in
South Slough

Quarterly eelgrass surveys at Valino Island since 2004 give

an unprecedented long-term view of eelgrass health in South

Slough (Figure 9). Valino Island showed mean (m) densities of 50
shoots per m2 (with standard deviations, s = 31), where

temperature ranged from 15.9 to 8.8 °C, and can be

considered the optimal range. Data from the Danger Point

site, furthest away from the mouth and surveyed much less

frequently, showed similar values (m = 54, s = 43). The closest

water quality station to Danger showed a broader temperature

(18.4 – 7.4 °C) and salinity range (21 – 6 psu at Winchester).

Two other sites at Collver Point and Hidden Creek, showed

lower eelgrass densities (m= 32, s= 14; m= 11, s= 17) throughout

the available years. Due to the timing of sampling only once per

quarter, assessing the seasonal trend is impossible statistically.

Nonetheless, eelgrass in South Slough, as represented by the

Valino Island site, shows a robust seasonal pattern in mean

shoot density that typically increases in summer, and declines in

the fall/winter (Figure 3). Canopy height, number of flowering

shoots and percent cover displayed a similar seasonality (not

shown). Other eelgrass data collected by the Oregon Department

of Fish and Wildlife (ODFW SEACOR) and Oregon State

University, provide assessment of eelgrass in the Coos Estuary

in scattered locations throughout the estuary during 2015–2018.
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These stations show higher values of eelgrass density (60-326

eelgrass shoots per m2) compared to the South Slough stations

(Figure 9), through most of the surveys. These ocean-dominated

stations do not show a strong decline in eelgrass density during

the anomalous years, as that observed in the more estuarine-

dominated South Slough.

During 2013–2014, Z. marina phenology at Valino Island

followed the expected seasonal pattern (Figure 3A): low percent

cover and density in the winter months, with density of 54

shoots per m2 during the Nov-2013 survey. In summer 2014,

high productivity was registered at Valino Island, with a value of

78 shoots per m2. By Apr-2015, however, eelgrass density

decreased to significantly lower than the long-term mean (33

shoots per m2), after the warming of estuarine waters during the

previous fall and winter (Figure 6). Beyond the seasonal high of

Jul-2015 (44 shoots per m2), density remained very low with

values around 5 shoots per m2 through to present day. This

decay was not only observed in the density, but in the height of

the canopy and the total percent cover. The other eelgrass survey

sites at Collver Point, Danger Point, and Hidden Creek, also

show low density, canopy height, number of flowering shoots

and percent cover in the annual survey during this period (June-

July 2016). Of these stations, only Collver, the most marine

station, seems to recover with densities of 20 shoots per m2 (Jun-

2021). Surveys from stations outside of South Slough, show a

small decrease yet not as large in magnitude or as long-lasting as
B

C

D

A

FIGURE 8

Heat budget components in the Coos Estuary during 2013-2017. (A) Heat storage in South Slough (blue) and the main channel (red).
(B) Atmospheric heat flux using data from the Valino water quality station. (C) Residual + Advective heat flux (Heat storage minus Atmospheric
heat flux), and (D) Along-estuary temperature gradient in South Slough (Charleston to Winchester) in blue and in the main channel (Charleston
to KoKwel Wharf) in red. Positive ∂Tav/∂x indicates that the station closest to the ocean is warmer than the station furthest up-estuary. Red
bands show periods in which water temperature at Charleston WQ is above the 2004-2014 climatology +1 standard deviation (Figure 6). Gray
bands show periods in which eelgrass density at Valino is below the 2004-2014 climatology by one standard deviation.
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at Valino Island, where a decay from 170 to 90 eelgrass shoots

per m2 was observed from Feb-2015 to Jul-2016 (Figure 9).
Discussion

Water quality, river discharge, air temperature, and wind

stress data all demonstrate the strong seasonality in the Coos

Estuary that mimics the larger scale CCS patterns (Figure 3).

Warmer, saltier estuarine characteristics are observed between

April and June, after which upwelling-favorable conditions

produce cold, saltier waters at the ocean boundary, which

finally transition to rainy, fresher and colder conditions in the

estuary due to increased precipitation and reduced solar input.

This seasonality is affected by interannual variations of the

surrounding atmosphere and ocean, which modulate the

estuary on all its boundaries, i.e., from the ambient ocean

waters at its mouth, the river discharge input, and the

atmospheric heat fluxes on its surface. However, the results do

indicate that there is significant spatial variability in how the

estuary responds to these larger-scale interannual variations due

to local bathymetry and geometry constraints. For example,

during the warmer years of 2014-2016, the up-estuary stations

in South Slough (Valino, Winchester) are relatively warmer for

extended periods of time compared to stations that are further

away from the mouth in the main channel (e.g., BLM, KoKwel).

This disparate response to environmental forcing may stress

species, such as eelgrass, which occupy distinct regions of the

estuary. By disentangling the impact of the temporal variations

in estuarine water forcing with spatial factors (e.g., depth and

distance from the mouth), we provide a framework to discuss

how changing estuarine conditions might stress organisms

differentially. We start by 1) examining changes outside the
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estuary at the basin scale, then move into 2) along-estuary

gradients and spatial variability in hydrographic conditions

before considering 3) long-term temporal variability due to the

expected future warming under anthropogenic climate change.

Finally, we examine the dramatic eelgrass decrease observed

within the Coos Estuary in the context of the temperature

variability described above.
Basin scale variability

Though many organisms grow in wide temperature ranges, a

persistent anomaly may stress species such as eelgrass beyond

recovery (e.g., >1.5 °C above normal, Table 2). During the winter

of 2013–2014, the PNW experienced drought conditions, related

to a persistent atmospheric high-pressure ridge linked to

variability in the North Pacific Oscillation (Figure 1), a known

precursor of El Niño conditions (Wang et al., 2014; Di Lorenzo

and Mantua, 2016). The high-pressure also affected the arrival of

winter storms in the PNW, resulting in the below-average water-

year cumulative discharge in the Coos River (Figure 4D) and

increased air temperature in the Coos Estuary in 2013-2014

(Figure 4C). This combination produced anomalously warm

water temperatures during 2014 in the Coos Estuary. During the

winter of 2013, the “Blob” was observed in the North Pacific and

moved onto the shelf from Sep-2014 until Mar-2015, increasing

SST more than 1.5 °C eelgrass threshold at the Stonewall buoy.

Positive anomalies (>1.5°C, Figure 1B) were observed at

Stonewall again from Jul-2015 to May-2016 related to a

second marine heatwave (Di Lorenzo and Mantua, 2016).

During the El Niño event in 2015 SST anomalies of 4 °C

where registered at the Stonewall buoy, with maximum

anomalies between Nov-2015 and Jan-2016. This El Niño
FIGURE 9

Density of eelgrass (number of shoots m2) until present for all eelgrass measurements from stations shown in Figure 2B and Supplemental
Figure 1B. Stations are colored by general areas: purple to green = South Slough, yellow to pink = main channel. Connected symbols
correspond to the stations shown in Figure 3A.
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event increased the likelihood of storms and precipitation in the

PNW, increasing river discharge at the Coos River, as registered

during 2015-2016 (Alexander et al., 2002; Goodman et al., 2018).

This atmospheric connection also reduces upwelling-favorable

winds which would normally bring colder waters during the late

summer to the Coos Estuary (Capotondi et al., 2019).

Though the El Niño conditions can have a strong impact on the

PNW, observational and modelling efforts (Jacox et al., 2016)

indicate that the temperature anomalies observed on the

continental shelf (Figure 1B) were mostly related to the marine

heatwave. At the Stonewall buoy, the combination of these basin-

scale processes increased water temperature (>1.5°C warmer than

the 2004-2014 climatology) during the fall and winter of 2014, 2015

and slightly during 2016 (Figure 4B). The warm anomalies slightly

decreased during the upwelling seasons of each year but picked up

again after the winds started to relax (Figure 4A). These anomalies

were observed in estuaries from San Francisco Bay (up to 3°C,

Cloern et al., 2017), to Puget Sound (up to 1 °C, Jackson et al., 2018).

In the Coos Estuary, anomalies up to 2°C were observed in

Charleston, 3 km from the mouth, in March-2015. Increased

water temperature at the ocean boundary will increase the heat

that can be advected into the estuary and alter the along-estuary

temperature gradient.
Along-estuary differences in temperature

Water temperature and salinity levels in estuaries are

controlled by the interaction of advective fluxes, atmospheric

fluxes and exchanges with the ocean boundary at the estuary

mouth and the river boundaries at each freshwater input (Smith,

1983; Stevenson and Niiler, 1983). Our subtidal data highlights

the influence of the ocean end-member on temperature in the

estuary, which weakens with distance from the mouth due to the

impact of the river end-member. Additionally, the along and

across-estuary temperature gradients vary with depth, which is

set by dredging in the Coos and many other estuaries of the

PNW, though not within South Slough (Eidam et al., 2020).

Though tidal advection is a major factor in the Coos Estuary

(Conroy et al., 2020), South Slough shows greater temporal

temperature variability than the main channel, most likely due to

a combination of shallower channels (~5 m) and increased areas

of tidal flats (Sutherland and O’Neill, 2016). Dynamically, the

main channel stations are located farther seaward than the up-

estuary stations in South Slough, even though their physical

distances are closer. That is, if one accounts for the length of the

salinity intrusion over the main channel versus South Slough, the

Valino and Winchester stations would be located up-estuary of

any existing observation’s locations in the main channel. As

temperature increases beyond the climatology due to

interannual or climate variability, the storage and flux of heat

will change and affect the estuarine ecosystems.
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Our qualitative approach to the heat budget in the Coos

Estuary (Eq. 1) allows one to spatially and temporally fingerprint

the anomalously warm water due to interannual variability

during 2014-2016, and can be applied to other estuaries in the

PNW (Figure 1A). The analysis for the Coos Estuary highlights

the increased atmospheric heat flux in South Slough during the

marine heatwave in 2014-2015, due to the inverse dependence

on depth.

On top of the anomalous atmospheric heat flux during

2014–2016, the advective heat flux shows changes due to

variability of the along-estuary temperature gradient as well as

changes to along-estuary velocity. Our data shows that during

the dry seasons of 2014–2016 (Figure 8D), the temperature

gradient was stronger (more negative, especially in 2015–

2016), due to warmer waters in the oceanic end member

(Charleston – red bars in Figure 8). During drought years, a

decreased estuarine circulation could potentially increase

temperature inside the estuary. During normal river discharge

years, the ocean influx is greater, so if these ocean waters are

relatively warm that could also lead to an increase in

temperature within the estuary. As ocean temperature

increased in late 2014 on the ocean-end member, an

anomalous temperature gradient is observed in South Slough

(Figure 8), when Winchester Creek temperature increases

(Figure 6). In 2015-2016 the water-year cumulative discharge

was normal. A simple back-of-the-envelope calculation of the

second term in Eq. 1 using ∂Tav
∂ x requires speeds of 0.01 m s-1 in

South Slough. This speed can be estimated from observations by

dividing the river discharge by the estuarine cross-sectional area

of interest. We use available data from water-penetrating

airborne lidar survey (Conroy et al., 2020), to calculate the

area for a cross section near Valino, and a scaled river

discharge for the watershed area in Winchester, Joe Ney

Creek, Elliot Creek and John B. Creek (Figure 2). This

produces maximum speeds of 0.014 m s-1 in the winter,

confirming our advective flux calculations.
Long term variability

The combination of anomalously warm water in the PNW

with anomalously warm air temperature and advection of

riverine waters, produced anomalously warm estuarine waters

in South Slough during 2014–2016. These potentially stressful

years motivate the question if we can expect this combination to

occur more or less often in a warming climate. Observations

along the PNW coast (including the ones presented here) show

responses related to the large-scale climatic patterns (e.g., ENSO,

PDO and NPGO), where positive basin-scale temperature

anomalies led to increased temperature inside estuarine

systems (Johnson et al., 2003; Cloern et al., 2017; Jackson

et al., 2018). Climate model simulations suggest that in the
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future, an increased variance of the North Pacific Oscillation

(NPO) can be expected (Wang et al., 2014; Black et al., 2018;

Capotondi et al., 2019), which was the leading cause of the

marine heatwave (the Blob) and also connected to the 2013-2014

drought conditions in the PNW. El Niño events, correlated to

higher temperature and sea level in the PNW are also expected

to occur more often in the future (Wang et al., 2014; Di Lorenzo

and Mantua, 2016). El Niño events have also been correlated to a

more intense downwelling and later onset of summer upwelling

in the PNW both of which would produce warmer temperatures

in the ocean end-member (Frischknecht et al., 2015).

Additionally, it is still unclear whether river discharge will

increase or decrease with climate change in the PNW, most

models agree that in South Slough, Yaquina, Willapa and

Coquille estuary, higher discharge is expected in October and

November, while lower discharge is expected in July and August

(Steele et al., 2012), moving the dry period in these estuaries

earlier in the year, similar to that observed in 2014–2016.

The temperature time series here, focused on the last decade,

can hint at what can be expected in the future. Traditionally, the

spring and fall transitions that mark the beginning and end of

upwelling season, respectively, also demarcate the arrival of

distinct transport pathways across the shelf, enhanced primary

and secondary production, and many other ecological processes.

These transitions have been changing in time over the past

century, in response to the ocean, river and atmospheric forcing

dictated to some degree by basin-scale processes and climate

change (Di Lorenzo et al., 2015; Black et al., 2018; Capotondi

et al., 2019). Given the importance of the estuarine temperature

gradient to the ecological health of South Slough and other PNW

estuaries, we develop a method similar to the upwelling index

produced by Pierce et al. (2006). That is, we find the day of the

year when the landward and shallowest station is warmer than

the most marine-influenced station (here that means the

Winchester to Charleston temperature gradient in summer)

and the day of the year in which this relationship reverses

(Winchester is colder than Charleston in winter, Figure 10A).

Figure 10B shows these “transition” days for all the years

available, as well as the Spring/Fall transition from Pierce et al.

(2006), calculated using daily upwelling indices, proportional to

alongshore wind stress at 45oN. This transition from spring to

fall index at 45°N shows a progression towards earlier upwelling,

leading to a stronger influence of the ocean in PNW estuaries

(Pierce et al., 2006). Due to the dependence of the temperature

gradient on discharge, we also define transition dates for the

Coos Estuary River discharge as greater and smaller than 3.2 m3

s-1 (average during dry season). Our 14-year-long time series

shows a similar pattern to the Spring Transition dates that mark

the beginning of upwelling season (r2 = 0.56), while the Fall

transition is delayed by 23 days in average (r2 = 0.54). Our data

also show that the end of the warming period in South Slough
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does not only depend on the oceanic conditions (which is

correlated with the Pierce index), but also on river discharge

(r2 = 0.47) and atmospheric forcing (r2 = 0.57). Hence, in a

future of warming climate, when large-scale oscillations are

expected to occur more frequently (Di Lorenzo and Mantua,

2016), an increase in the temperature in the estuaries of the

PNW, as well as an extended dry, warm season can be expected,

which will have large impacts on these ecosystems.

Increased estuary temperature due to climate variability is

widely documented (Nixon et al., 2004; Preston, 2004; Seekell

and Pace, 2011), yet the combination of intensified end-member

heat sources and their impact on the hydrodynamics is not as

well described. Our transition-day time series, though short and

not statistically significant ( ∂Tav
∂ x slope ≠ 0, r2 = 0.03), is

significantly correlated to the Pierce transition index (r2 =

0.55), which extends from 1995 to 2020. The Summer Pierce

transition index (and by correlation, our estuarine temperature

gradient) shows a shift towards an earlier beginning of the

summer, and later start of the winter season (Summer

transition date slope ≠ 0, r2 = 0.3), as also predicted from river

discharge forecasting (Steele et al., 2012). This extended earlier

dry season can affect the ecosystem by changing ranges of

temperature, stratification, and may produce hypoxia (Officer

et al., 1984) or affect organisms such as eelgrass and oysters

(Borde et al., 2003; Thom et al., 2003; Black et al., 2014). Finally,

as temperature increases, the dynamic influence on water

density may become significant, especially during the summer,

affecting the baroclinic circulation in estuaries, by intensifying or

weakening the along-channel density differences that drive

estuarine circulation (Hickey et al., 2003; Raimonet and

Cloern, 2017).
Effects on eelgrass (Zostera marina)

In-situ observations as well as remotely sensed surveys reveal

that eelgrass has decreased in abundance in the up-estuary

portions of South Slough and the greater Coos Estuary

(Figure 2; Supplementary Figure 1). Remotely sensed data

from 2005 and 2016 show a decrease of eelgrass-covered area

in the Coos Estuary, with higher survival in the main channel

than in South Slough (Supplementary Figure 2B), despite the

proximity of the sub-estuary to the mouth of the estuary and

influence of coastal waters (Raimonet and Cloern, 2017; Magel

et al., 2022). Notably, stations in South Slough that were only 3-

10 km from the mouth are less marine-influenced than the main

channel stations that reside 5-15 km from the mouth, a result

that is consistent with the structure of the salinity intrusion in

the Coos Estuary (Conroy et al., 2020). Though our data show

increased water and air temperature over the whole estuary

(Figure 6), a stronger decline of eelgrass was also registered in in-
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FIGURE 10

(A) Temperature gradient and discharge transition date determination example (2017) and zero-crossing of gradients before and after the dry
season. (B) Annual variability of transition periods: in red spring and summer temperature gradient change (notice no available data for 2019); in
blue South Fork of the Coos River discharge transition dates; in black Pierce index (2006) spring and fall transition dates for all years. Statistically
significant linear fit to Pierce index spring transition (2006) in black broken line.
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situ stations within the up-estuary portion of South

Slough (Figure 3).

Eelgrass is sensitive to temperature stress, as it can increase

photosynthetic and respiration rates (Beca-Carretero et al., 2018),

and lead to higher susceptibility to wasting disease (Kaldy, 2014).

Our results suggest that the MHWs and increased air temperature

contributed to the eelgrass density decline in 2015 (Figures 3, 10,

Supplementary Figure 4). In contrast, Magel et al. (2022) show an

increase in eelgrass at one annually-surveyed station (Barview, see

Figure 9) closer to the main channel than Valino Island. Their

results show an increase in eelgrass density and biomass during

the summer of 2015 and summer of 2016, followed by a decline to

longer term average values. They attribute the anomalous increase

during a MHW to increased upwelling. However, the annual

frequency of those surveys leaves open questions about lags in
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response, as well as the co-occurrence of other biological

interactions (epiphyte and macroalgae interaction). Our data

shows that despite the short seasonal increase in eelgrass cover,

the density of eelgrass at Valino Island declined again in 2016

when anomalously warm waters related to the El Niño event were

again observed. Eelgrass at Valino has not fully recovered since

(Figure 3). Stronger declines in eelgrass density were registered in

the stations in South Slough compared to stations in the main

channel (Supplementary Figure 2C) which are warmer for

extended periods of time, especially during 2014-2016

(Supplementary Figure 3). This temperature anomaly can be

attributed not only to the distance from the oceanic end-

member and the river end-member, but also to storage of heat

in shallower areas, such as those where eelgrass is found (0.5–1.0

m MLLW).
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Conclusions

In the Pacific Northwest, long-term and large spatial-scale

processes, such as El Niño and marine heatwaves, imprint

interannual variability on top of typical seasonal trends. Here

we used 14 years of data from the Coos Estuary, in southwestern

Oregon, to quantify the effects of anomalous oceanic and

atmospheric conditions on the estuary, which includes a

dramatic die-off in eelgrass.

Superimposed on the interannual and long-term trends,

PNW estuaries have a strong seasonal variability in

temperature, in which lower water temperatures occur

between November and March due to increased river

discharge and wintertime atmospheric heat loss, producing a

negative along-estuary temperature gradient. During the dry

season, warmer air temperature and reduced river discharge

increase water temperature, increasing the along-estuary

temperature gradient. Between July and October, equatorward

winds at the coast produce the upwelling of cold, saline, nutrient

rich waters, increasing the temperature gradient further.

The combination of drought in 2013–2014, El Niño in 2014,

the Blob marine heatwave in 2014–2015, and El Niño in 2016,

produced anomalously warm waters in the coastal ocean outside

of the estuary, along with warmer air temperatures and increased

river discharge during the El Niño events. Inside the estuary, the

warming was recorded in all the available water quality

observations, with higher anomalies found in the shallower

locations and those located further away from the estuary

mouth. Water temperature increased landward, suggesting that

river input and atmospheric heat flux may be important

contributors to the anomalous conditions observed. These

relatively higher temperatures found landward changed the

overall along-estuary temperature gradient in the estuary with

higher values in the beginning of the dry season before upwelling

at the coast begins. Enhanced temperature gradients, along with

relatively higher absolute temperatures in the upper estuary can

cause stress on organisms, such as eelgrass, potentially

explaining at least part of the die-off observed.

These temperature-related stress factors can be expected to

occur more frequently in a warming climate, when more marine

heatwaves and El Niño events can be expected. Our analysis

shows that the temperature gradient in the Coos Estuary is

correlated to an upwelling index that is proportional to

alongshore wind stress. The longer upwelling index timeseries

shows a shift towards earlier spring transitions, which would

produce a longer summer season and possibly stronger influence

of temperature on the baroclinic component of circulation.

Though time series available in the PNW are relatively short

to assess long-term trends statistically, the observations analyzed

here show 1) a shift to a later, shorter rainy season and 2) an
Frontiers in Marine Science 17
increased synchrony of decadal (i.e., PDO) and interannual (i.e.,

MHWs) processes. As global temperatures warm due to climate

change, we can expect an increased number of marine heatwaves

and El Niño events, which will increase the temperature in

Pacific Northwest estuaries, leading to changes in seasonal

timing and potentially shifting the habitat areas in

estuary ecosystems.
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