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ARTICLE INFO ABSTRACT

Keywords: Declining dissolved oxygen (DO) is emerging as an increasingly important stressor in nearshore ecosystems, and
Dissolved oxygen there is a growing need to better understand DO dynamics and hypoxia risk in this highly variable environment.
Hypoxia

In this study, we collected data from monthly cruises on the inner shelf, continuous nearshore moorings inside
and outside a small coastal upwelling embayment (San Luis Obispo Bay in Central California), and weekly
phytoplankton measurements inside the bay during the upwelling season. Nearshore DO was generally domi-
nated by low-frequency synoptic variability, with increased DO variance near the surface relative to the bottom
and inside the bay compared to outside. Two nearshore hypoxic regimes were identified. In the first regime,
which occurred during periods of strong upwelling in the spring across all nearshore sites, the nearshore bottom
water temperature-DO (T-DO) relationship was aligned with that found offshore, suggesting hypoxia was driven
by the direct advection and cross-shelf exchange of low DO subthermocline waters from the shelf. This period
also coincided with minimal water-column stratification, small vertical DO differences, and a diatom-dominated
phytoplankton assemblage. In the second regime, which occurred during summer months and was characterized
by weaker upwelling, strong stratification, and dinoflagellate-dominated phytoplankton assemblage, the near-
bottom T-DO relationship inside the bay deviated significantly from that on the shelf offshore. These hypoxic
events inside the bay were likely driven by localized respiration and lack of ventilation of bottom waters due to
strong stratification. Collectively, these observations reveal a shift in the strength and magnitude of physical
versus biological processes driving nearshore DO dynamics. The high spatiotemporal variability of DO dynamics
in upwelling bays means that they are likely to be at the forefront of ecosystem impacts of and adaptions to
climate change, and may act as sentinel systems or “canaries on the coast.”

Coastal upwelling
Upwelling shadow
Embayment

1. Introduction

Declining dissolved oxygen (DO) levels continue to pose a major
threat to marine ecosystems worldwide (Breitburg et al., 2018). Coastal
regions are particularly susceptible to deoxygenation, and in recent
decades, there has been an increased frequency and duration of hypoxic
events in nearshore ecosystems, leading to direct mortality of and other
significant non-lethal effects on economically and ecologically impor-
tant fish and invertebrates (Grantham et al., 2004; Chan et al., 2008;
Ekau et al., 2010; Gilbert et al., 2010; Booth et al., 2014). Furthermore,
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climate change is expected to exacerbate ocean deoxygenation and the
prevalence of hypoxic events through ocean warming and further
expansion of oxygen minimum zones (Keeling et al., 2010; Breitburg
et al., 2018). Therefore, a better understanding of the processes that
govern the spatial and temporal variability of nearshore DO and hypoxia
risk is needed.

In Eastern Boundary Upwelling Systems (EBUS), like the California
Current, seasonal variability in DO and the greatest risk for hypoxia
occurs during the upwelling season (Siedlecki et al., 2015). During the
so-called spring transition, strong upwelling favorable winds develop,
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leading to the cross-shelf advection of cold, oxygen-poor and
nutrient-rich waters (Chavez and Messié, 2009; Checkley and Barth,
2009). This strong upwelling, coupled with local transport processes,
can result in the net shoreward transport of DO-depleted waters onto the
continental shelf (Grantham et al., 2004; Adams et al., 2013). Further-
more, the onshore flux of nutrients via upwelling fuels coastal produc-
tivity and subsequent microbial respiration over the shelf. Local
respiration and other biogeochemical processes in both the
water-column and benthic region can lead to further depletion of DO,
highlighting the importance of both physical and biological processes
for DO variability on the shelf (Connolly et al., 2010; Adams et al., 2013;
Booth et al., 2014; Siedlecki et al., 2015). While major advances have
been made in understanding drivers of DO variability in offshore shelf
regions, there is still a need for an improved mechanistic understanding
of DO dynamics in shallow nearshore habitats.

The shallow nearshore region is a dynamically complex environ-
ment. This is due to influence from both larger-scale shelf processes
including changing wind-driven upwelling and offshore stratification
(Walter et al., 2014a), as well as finer-scale nearshore processes such as
internal waves and bores and the associated vertical mixing (Walter
etal., 2012, 2014b; Sinnett et al., 2018; McSweeney et al., 2020); wave-,
wind-, and tidal-driven flows (Woodson et al., 2007; Lentz and Fewings,
2011; Woodson, 2013; Walter et al., 2017); and buoyant plumes and
fronts (Horner-Devine et al., 2015). Moreover, the presence of variable
coastline orientation and topography (i.e., embayments, headlands,
rocky reefs and kelp forests, etc.), as well as the presence of a coastal
boundary layer, leads to complex nearshore circulation and retention
patterns (Nickols et al., 2012; Largier, 2020; Trautman and Walter,
2021). This complex mosaic of transport processes and physical struc-
ture can drive significant local- and small-scale (on the order of km) DO
variability and patchiness, leading to both increased risks for hypoxia
exposure, as well as local refugia for nearshore organisms (Booth et al.,
2012; Frieder et al., 2012; Pitcher et al., 2014; Walter et al., 2014a;
Leary et al., 2017; Kapsenberg and Cyronak, 2019; Low et al., 2021). The
nearshore physical environment also influences the impact that bio-
logical processes have on DO dynamics. Strong stratification can limit
vertical mixing and isolate bottom waters from more aerated surface
waters in contact with the atmosphere, thereby enhancing the impact of
respiration on near-bottom DO. This impact is amplified in locally
retentive systems such as coastal embayments, where there is a pro-
pensity for high biomass (e.g., dinoflagellate blooms) coupled with
strong stratification (Bailey, 1991; Ryan et al., 2008; Pitcher and Pro-
byn, 2011; Pitcher et al., 2014; Barth et al., 2020). Moreover, coastal
eutrophication can also lead to oxygen loss in some nearshore upwelling
systems with local anthropogenically enhanced nutrient loads, particu-
larly in shallow and semi-enclosed bodies of water (Kessouri et al.,
2021). A better understanding of seasonal controls on nearshore DO
dynamics in different nearshore systems is needed in order to better
predict and manage the onset, intensification, and ecosystem implica-
tions of low DO hypoxic events. Specifically, there is a need to further
assess the role of retentive coastal embayments, which are found glob-
ally in EBUS and often termed upwelling bays (see recent review by
Largier, 2020), in modulating the relative magnitude of local physical
and biological processes that shape nearshore DO dynamics and the
potential for highly localized microclimates.

In this study, we assessed nearshore DO variability and hypoxia risk
inside and outside of a small upwelling bay (San Luis Obispo Bay)
located along an understudied stretch of the Central California Coast. To
better understand seasonal controls on DO variability, we deployed
three nearshore moorings measuring both near-bottom and near-surface
temperature and DO over the full upwelling season, capturing a range of
environmental conditions spanning strong upwelling in the spring and
the transition to weak upwelling during the late summer and early fall.
We also collected offshore data from monthly cross-shelf transects to
examine the extent to which nearshore DO variability reflected offshore
patterns. Taking advantage of a co-located long-term harmful algal
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bloom (HAB) monitoring site, we investigated the role of phytoplankton
community composition on DO variability inside the bay to help eluci-
date the role of physical and biological controls on seasonal DO dy-
namics. Collectively, these datasets reveal a clear seasonal shift in the
magnitude of physical versus biological processes driving nearshore DO
dynamics.

2. Experimental setup and methods
2.1. Site description

San Luis Obispo (SLO) Bay is a small (length and width scales less
than 20 km, cf. Largier, 2020) and shallow (depths less than ~20 m
inside bay), semi-enclosed coastal embayment located along an under-
studied stretch of the Central California Coast (Fig. 1). It is located ~200
km south of the well-characterized Monterey Bay and ~80 km north of
Point Conception, a major marine biogeographic boundary, and the
Santa Barbara Channel. To our knowledge, this is the first study to
investigate nearshore DO dynamics in this stretch of the Central Cali-
fornia coast (see also Valera et al., 2020 that utilized the data presented
here in a machine learning modeling exercise). SLO Bay is home to a
commercial fishing port, giant kelp forests that support high biodiversity
and the endangered southern sea otter, and the California Polytechnic
(Cal Poly) State University pier in the northern part of the bay (Fig. 1b).
SLO Bay is also adjacent to several local marine protected areas (MPAs)
including Pt. Buchon to the north. Additionally, the California Depart-
ment of Fish and Wildlife (CDFW) fishing block that encompasses SLO
Bay features substantial landings of market squid, Dungeness crab,
groundfish, and salmon fisheries groups (Wang et al., 2022). The
northern portion of SLO Bay is located downstream of a headland, and
topographic shielding from regional northwesterly upwelling favorable
winds leads to the seasonal formation of an upwelling shadow system
(Walter et al., 2018) and convergent front (Trautman and Walter, 2021).
Characterized at times by relatively warm and stratified waters, which
are distinct from colder waters outside the bay, and high retention times,
the upwelling shadow system is prone to harmful algal blooms (HABs)
and hypoxic events that occasionally require shutting off the intake pipe
into aquaria at the Cal Poly Pier (Walter et al., 2018; Barth et al., 2020).

2.2. Data

To characterize nearshore DO variability inside and outside the bay,
three oceanographic moorings were deployed along the 18 m isobath
over the upwelling season from March to late August 2017 (Fig. 1b). One
mooring was located in the middle of the embayment (Middle Bay —
MB), one inside the bay on the southern end (South Bay — SB), and one
outside the bay to the north (North Bay — NB) (Fig. 1b). Each mooring
was equipped with near-bottom [2 m above bed (mab)] and near-surface
(15 mab) instruments measuring temperature and DO. The bottom in-
struments were Sea-Bird Scientific 37 SMP-ODO conductivity-tempera-
ture-depth (CTD) sensors with an in-line (i.e., pumped through the anti-
biofouling devices) optical DO sensor (SBE 63), sampling every 10 min.
Surface measurements (1 min sampling period) were made with Preci-
sion Measurement Engineering miniDOT sensors, equipped with copper
mesh and plates for anti-biofouling. All DO sensors were calibrated by
the respective manufacturer prior to deployment, and sensors were
checked and cleaned by divers approximately monthly for optimal
performance. Several sensors stopped recording early due to instrument
error and/or battery issues (e.g., NB15 in early July; see Fig. 1). To
examine the relationship between offshore shelf waters and nearshore
DO variability, a series of monthly cross-shelf transects from the 30 m
isobath out to the 300 m isobath were also performed onboard Cal Poly’s
R/V Richards (Fig. 1). During each of the offshore transects, vertical
profiles of temperature and DO were measured at the 30, 50, 100, 150,
200, and 300 m isobaths using a Sea-Bird Scientific 19+ profiling CTD
equipped with an electrochemical DO sensor (SBE 43, calibrated by
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Fig. 1. Topography and bathymetry of the SLO Bay study region in Central California. (a) Zoomed out view of the region highlighting the locations of the offshore
CTD/DO casts (white ‘X’) and the regional buoy used to measure upwelling winds. (b) Zoomed in view of San Luis Obispo Bay highlighting mooring locations (black
dots) in the North Bay (NB), Middle Bay (MB), and South Bay (SB), as well as the location of the Cal Poly Pier (thick black line with label).

manufacturer prior to study). These transects were completed on 3
March, 17 April, 22 May, 23 June, 11 July, and 8 August 2017.

To help elucidate potential biological controls on nearshore DO
variability, we utilized data from several long-term monitoring pro-
grams at the Cal Poly Pier, located inside the bay near MB (Fig. 1). The
first data source was weekly surface phytoplankton abundance and
community composition data collected as part of the California HAB
Monitoring and Alert Program (see detailed description in Barth et al.,
2020; https://erddap.sccoos.org/erddap/tabledap/HABs-CalPoly.html
). The second data source was from an automated profiling water
quality package that takes vertical profiles of temperature, conductivity
(salinity), and chlorophyll fluorescence approximately every 30 min
(see detailed description in Walter et al., 2018; https://erddap.cencoos.
org/erddap/info/san-luis-bay-cal-poly-pier-shore/index.html). The
weekly surface HAB measurements provided data on phytoplankton
community composition, while the near continuous profiler measure-
ments quantified changes in abundance with depth inside the bay.
Following Barth et al. (2020), we used the ratio of total dinoflagellates to
total diatoms to assess changes in community composition. To investi-
gate the influence of regional wind-driven upwelling, offshore winds
were obtained from the National Data Buoy Center (NDBC) buoy 46011
(Fig. 1; https://www.ndbc.noaa.gov/station_page.php?station=46011).
Upwelling favorable winds were calculated as equatorward and parallel
to the coastline (150° from true north, cf. Walter et al., 2018).

2.3. Data processing

Timescales of variability for temperature and DO were quantified
using spectral analysis. Welch’s method with Hamming windows and
50% overlap between adjacent segments was utilized to minimize
spectral leakage, with window length selected by taking into account the
length of the original record, frequency resolution, and the degrees of
freedom (DOF) for confidence interval estimates, which were estimated
using a chi-squared variable analysis and the equivalent DOF (Emery
and Thomson, 2004). Spectra were then integrated across various fre-
quency ranges representing low-frequency [0.07 to 0.75 cycles per day
(cpd)], daily (0.75-1.25 cpd), daily to half-daily (1.25-1.75 cpd), half
daily (1.75-2.25 cpd), hourly (2.25-24 cpd), and high-frequency [24
cpd to 3 cycles per hour (cph)] bands to quantify the relative variance in
each band (e.g., Guadayol et al., 2014; Low et al., 2021). To assess
seasonal controls on nearshore DO variability and the connection to
offshore shelf waters, hourly averaged nearshore DO data were low-pass
filtered (33 h) to remove higher-frequency variability possibly driven by
tides, local diurnal wind forcing, fronts, and internal waves (cf. Walter

et al., 2017). The role of high-frequency processes on nearshore DO
variability, although relatively small (see e.g., Section 3.1.2), will be
investigated in a future study.

To examine the extent to which offshore shelf waters were similar to
nearshore waters, and by extension the role that nearshore processes
play in modulating DO variability, we explored temperature-DO (T-DO)
relationships for the offshore shelf data obtained from boat-based sur-
veys and compared these to T-DO relationships from the moored near-
shore data at all three sites (cf. Connolly et al., 2010). We also explored
how the nearshore T-DO parameter space changed over time in response
to variable upwelling wind forcing, vertical temperature stratification
(difference between near-surface and near-bottom temperature at each
respective site), vertical DO gradients (difference between near-surface
and near-bottom DO at each respective site), and depth-integrated
chlorophyll and phytoplankton community composition (ratio be-
tween dinoflagellates and diatoms) from the Cal Poly Pier. A k-means
cluster analysis was also performed using the T-DO parameter space
plot, and means and standard deviations of the aforementioned vari-
ables were calculated in each cluster to identify and describe different
DO forcing regimes. A k-means clustering analysis partitions data into k
clusters, minimizing the within-cluster variances to each respective
cluster centroid (Lance and Williams, 1967). A silhouette analysis was
performed to identify the optimal number of clusters (k = 3).

In what follows, we adopt a definition for hypoxic waters as below
4.6 mg/L following the broad comparative analysis of Vaquer-Sunyer
and Duarte (2008) that identified this concentration as a critical bio-
logical threshold (e.g., lethal threshold for 10% of marine benthic
communities studied). This definition captures low DO events that
potentially adversely impact local ecosystems. For example, Mattiasen
et al. (2020) found that their 4.1 mg/L “moderate hypoxia” treatment
had a negative effect on kelp forest fish metabolism. We recognize that
some species’ limits, including both lethal and sublethal limits, will be
different [e.g., 2 mg/L is also sometimes used as a hypoxic threshold, but
Vaquer-Sunyer and Duarte (2008) found that this was below the
empirical lethal and sublethal threshold for half of the species in their
analysis] and that there are likely region- and site-specific differences
among species. For example, Vaquer-Sunyer and Duarte (2008)
analyzed many taxa not found in the nearshore of the California Current.
Hofmann et al. (2011) summarized a range of thresholds used to identify
hypoxia in the literature, with 2 mg/L (“coastal hypoxia”) commonly
used in coastal ecosystems where communities may be adapted to low
oxygen conditions; however, there are limited studies of hypoxia
threshold data available from nearshore California Current taxa. A re-
view by Gray et al. (2002) found that the growth of organisms in the
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water column is affected at concentrations between 4.5 and 6 mg/L and
other aspects of metabolism were affected between 2 and 4 mg/L.
Recognizing that there are species-dependent responses, we identify
events below 4.6 mg/L (and also highlight the 2 mg/L threshold in most
figures) as hypoxic events that could potentially adversely affect near-
shore organisms. Regardless of the threshold utilized, this paper high-
lights mechanisms and processes that lead to low DO events over a range
of hypoxic thresholds identified in the literature. We utilize mg/L as our
unit of choice for DO concentrations based on historical precedence
from a management and regulatory perspective. For reference, 4.6 mg/L
(2.0 mg/L) is approximately equal to 3.22 ml/L (1.40 ml/L), 140.16
pmol/kg (60.94 pmol/kg), and 107.70 matm (46.82 matm) for seawater
at atmospheric pressure with a temperature of 11.4 °C and a salinity of
33.7 (mean temperature and salinity values at MB2 during the
experiment).

3. Results
3.1. Nearshore data

3.1.1. General observations

Upwelling favorable winds were strongest, but also highly variable
(e.g., 1-2 week upwelling-relaxation cycles), during the spring and early
summer (Fig. 2a). During the late summer, upwelling winds decreased in
magnitude and were less variable. Nearshore surface and bottom

(a) spring upwelling-driven
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temperatures at all sites progressively warmed from spring to summer,
with vertical differences between surface and bottom waters (i.e., tem-
perature stratification) increasing progressively in the summer (Fig. 2b
and c). Near-surface waters generally displayed more temperature
variance compared to near-bottom waters. Near-bottom temperatures
were largely consistent across the three nearshore sites, while at the
surface, the outside bay site (NB) was generally colder than the inside
bay sites (MB and SB), particularly in the summer. DO also displayed less
variance near the bottom, with concentrations consistently dropping
below 4.6 mg/L during both the spring and summer at all sites and
below 2 mg/L during the late summer inside the bay at MB and SB
(Fig. 2d and e, and S1). Hypoxic conditions inside the bay (MB and SB)
were present a greater percentage of the time with longer event dura-
tions, lower minimum DO concentrations, and shorter recurrence in-
tervals on average compared to outside the bay at NB (see Fig. S1 and
event statistics in Table S1). Similar to temperature, near-surface DO
was consistently higher and more variable compared to near-bottom DO.
Near-bottom DO inside the bay (MB and SB) was consistently lower than
near-bottom DO outside the bay (NB) during the summer. Depth-
integrated chlorophyll concentrations from the Cal Poly Pier inside the
bay showed synoptic-scale (i.e., event-scale) variability throughout the
experiment, with the largest events observed in the late spring (Fig. 2f).
These events were linked with prolonged upwelling events and also
coincided with increases in nearshore surface DO and decreases in
bottom DO. The surface phytoplankton community composition inside

summer respiration-driven
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the bay was dominated by diatoms in the spring and early summer, 3.1.2. Timescales of DO variability
transitioning to dinoflagellate-dominated waters in the late summer Across all nearshore sites, near-surface DO variance was consistently
(Fig. 2g). higher compared to near-bottom DO (Fig. 3). Both near-bottom and

near-surface DO variance displayed a slight increase in May and June
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compared to other months. DO variability across all sites was dominated
by the low-frequency band (0.07-0.75 cpd) across all months. The
contribution of higher frequency processes (i.e., frequencies larger than
the low-frequency band limit of 0.75 cpd) to DO variability increased
slightly in the summer months.

3.2. Offshore T-DO patterns

The T-DO parameter space for all sampling dates at the offshore shelf
locations consistently showed a strong positive relationship between
temperature and DO (Fig. 4). Additionally, the T-DO relationship in deep
waters (low T-DO regions in Figs. 4 and 5) at the furthest offshore
location (300 m) varied minimally over the study period with DO con-
centrations typically varying less than 1 mg/L for a given temperature.
The high T-DO region of the parameter space was moderately variable
across the sampling dates, but still displayed a consistent positive rela-
tionship between temperature and DO (Fig. 5).

3.3. Linking nearshore and offshore data

3.3.1. Near-bottom relationships

The near-bottom, nearshore data aligned with the offshore data in
the low T-DO region of the parameter space across all three nearshore
sites (Fig. 6). This is in contrast to the high T-DO region of the parameter
space, where the nearshore DO data deviated significantly below the
offshore DO data for a given temperature. This pattern was most pro-
nounced for nearshore sites located inside the bay (MB and SB), with
much smaller deviations outside the bay (NB). In general, the nearshore
sites inside the bay (MB and SB) were marked by an increased number of
hypoxic events and lower DO concentrations during these events rela-
tive to outside the bay (NB), especially during mid to late summer.

Closer examination of the low DO hypoxic events (e.g., below 4.6
mg/L) revealed two distinct regimes in the T-DO parameter space. In the
low T-DO hypoxic regime, corresponding to when the nearshore and
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Fig. 5. Temperature-DO relationship for the 300 m profile location for all
offshore cruises. Gray-scale colors denote the month of the cruise, with the
earliest cruise (Mar) is shown in the lightest gray progressing to darker grays
with the latest monthly cruise (Aug) in black.

offshore T-DO relationships closely tracked one another in the spring
months (Fig. 6a—c), upwelling winds were strongest (Fig. 6d-f), vertical
temperature stratification was minimal (Fig. 6g-i), and there were
minimal vertical DO differences (Fig. 6j-1). In the other nearshore hyp-
oxic regime at higher temperatures, where the nearshore DO data was
significantly lower than offshore DO data for a given temperature, up-
welling was weak to moderate (Fig. 6d-f), vertical temperature
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Fig. 6. Near-bottom (2 mab) temperature-DO relationship from MB (left column), SB (middle column), and NB (right column). Hourly data are low-pass filtered and
then downsampled (one point every 24 h) for visualization. The colors on each plot represent the time (a—c), upwelling favorable winds (d-f), vertical temperature
stratification at the respective sites (difference between near-surface and near-bottom temperature) (g-i), vertical DO gradients at the respective sites (difference
between near-surface and near-bottom DO) (j-1), and depth-integrated chlorophyll at the Cal Poly Pier inside the bay (m-o). Also shown in each plot in small
grayscale points are the offshore T-DO relationship from 300 m profile location, with the earliest monthly cruise (Mar) in the lightest gray and the latest monthly
cruise (Aug) in black. Hypoxic thresholds of 2 and 4.6 mg/L are shown as a horizontal dashed and solid red line, respectively. The light blue line denotes 100%
oxygen concentration at 1 atm and a mean salinity of 33.7. In panel (1), gray squares are shown when near-surface DO data were not available. Nearshore sites MB
and SB are inside the bay and NB is outside the bay (Fig. 1). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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stratification was strongest (Fig. 6g-i), and the largest vertical DO dif-
ferences were observed (Fig. 6j-1). This regime occurred exclusively in
the mid to late summer, and the patterns above were more pronounced
inside the bay (MB and SB) compared to outside the bay (NB) where
there were only minimal deviations from offshore T-DO patterns and
vertical temperature stratification remained small (Fig. 6i). The two
sites inside the bay (MB and SB) showed largely similar patterns and
relationships.

There were minimal trends displayed between depth-integrated

Estuarine, Coastal and Shelf Science 278 (2022) 108123

chlorophyll inside the bay (no chlorophyll data available outside the
bay) and the offshore and nearshore T-DO relationship at all sites
(Fig. 6m-0). The largest depth-integrated chlorophyll values inside the
bay occurred in the low T-DO region of the parameter space (although
not significantly below the hypoxic threshold of 4.6 mg/L), with mod-
erate values in the higher temperature region.

3.3.2. Near-surface relationships
The near-surface nearshore data displayed significantly more
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Fig. 7. Same as Fig. 6 except for near-surface (15 mab) measurements. NB15 data (third column) not available for part of July and August (see Section 2.2). Note the
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R.K. Walter et al.

variability in the T-DO parameter space (Fig. 7). As expected, DO con-
centrations were significantly higher compared to the near-bottom
values, particularly inside the bay (MB and SB), with concentrations
above the hypoxic threshold almost exclusively. The surface data inside
the bay (MB and SB) generally tracked T-DO patterns outside the bay
(NB), but the data from inside the bay (MB and SB) commonly showed
larger DO concentrations for a given temperature compared to outside
the bay (NB), particularly in the mid to high temperature range. The
nearshore T-DO data largely followed the offshore T-DO trends, but also
extended the parameter space into a higher T-DO region not measured
on the shelf. During periods of strong upwelling in the spring months,
the near-surface nearshore T-DO data aligned with the offshore T-DO
data (Fig. 7a—f). The high T-DO region of the parameter space typically
corresponded with the largest vertical stratification and vertical DO
differences inside the bay (MB and SB), whereas outside the bay (NB)
showed minimal vertical differences in temperature and DO (Fig. 7g-i).
The largest DO values inside the bay (MB and SB) were observed when
the depth-integrated chlorophyll inside the bay was also largest (Fig. 7j
and k). Outside the bay (NB), where no chlorophyll data were available,
DO concentrations were not as large during these bloom events
measured inside the bay. Like the near-bottom data, the two sites inside
the bay (MB and SB) showed largely similar patterns and relationships.

3.4. Phytoplankton community composition effects

Inside the bay (MB), there was a clear seasonal progression from
diatom-dominated communities in the spring and early summer in the
presence of colder waters transitioning to dinoflagellate-dominated
communities in the mid to late summer with warmer waters (Fig. 8).
For the near-bottom hypoxic regime previously identified (Section
3.3.1) when the nearshore T-DO aligned with the offshore data in the
low T-DO region of the parameter space in the spring months with strong
upwelling, diatom communities were present at the highest concentra-
tions (Fig. 8d-f). For the other near-bottom hypoxic regime when the
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nearshore DO data deviated significantly below the offshore DO data at
higher temperatures in the summer months, dinoflagellate communities
were present at the highest concentrations.

4. Discussion

4.1. Seasonal variations in physical and biological processes contribute to
distinct nearshore hypoxic regimes

4.1.1. Spring upwelling-driven nearshore hypoxic regime

Two nearshore hypoxic regimes were identified in the near-bottom
mooring data when DO concentrations dropped below potentially
deleterious levels (e.g., 4.6 mg/L). In the first regime, which occurred
during the spring months, the nearshore T-DO data directly overlapped
with the offshore shelf T-DO data in the low temperature and low DO
region of the T-DO parameter space. This regime also emerged as one of
the delineated clusters in the k-means cluster analysis (Fig. 9, “Cluster 1
Upwelling Driven”; Table 1). Given the direct correspondence to the
offshore shelf waters and the concurrent strong upwelling, these low DO
waters are likely the result of upwelling-driven cross-shelf exchange of
low DO subthermocline waters. The advection of these waters into the
nearshore led to minimal water-column stratification and phyto-
plankton communities dominated by diatoms, which thrive in unstrat-
ified, nutrient-rich waters (Anderson et al., 2008; Silva et al., 2009;
Barth et al., 2020). This regime and cluster were consistent across the
nearshore sites both inside the bay (MB and SB) and outside the bay
(NB). Interestingly, the two nearshore sites inside the bay (MB and SB)
showed slightly lower temperatures and DO concentrations in this
regime compared to outside the bay (NB) (Figs. 6 and 9). Colder bottom
waters inside of upwelling bays relative to those at comparable depths
over adjacent open coastlines has been documented elsewhere, although
the dynamics that control the spatial intensification of upwelling near
headlands are still poorly understood and warrant further research (cf.
Largier, 2020).
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Fig. 8. Inside the bay (MB) surface (a—c) and bottom (d-f) T-DO relationships, as in Figs. 6 and 7, respectively. Plots (a) and (d) are colored by the log; ratio of
dinoflagellates to diatoms. Plots (b) and (e) are colored by the log;¢ diatom concentration. Plots (c) and (f) are colored by the log; dinoflagellate concentration. Also
shown in each plot in small grayscale points are the offshore T-DO relationship from 300 m, with the earliest cruise in the lightest gray and the latest cruise in black.
Hypoxic thresholds of 2 and 4.6 mg/L are shown as a horizontal dashed and solid red line, respectively. The light blue line denotes 100% oxygen concentration at 1
atm and a mean salinity of 33.7. Colored triangles denote data from spring months (April, May, and June), while colored circles are from summer months (July and

August). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 1

Mean and standard deviation for each of the different k-means clusters identified in Fig. 9 for near-bottom data inside the bay (MB) and outside the bay (NB).
*Phytoplankton community composition data are calculated from weekly values (obtained from weekly samples inside the bay at the Cal Poly Pier). No phytoplankton
community composition data are available outside the bay at the NB site and thus are designated “NA” in the table.

Site Cluster DO [mg/L] T [°C] Upwelling Winds [m/s] A\DO [mg/L] AT [°C] *Dino:Diatom Ratio [log;o]
MB2 (Inside) Upwelling Driven (1) 4.32 £0.77 10.42 + 0.54 6.33 + 4.23 4.02 +2.39 1.83 + 0.63 —1.48 +1.28

Normoxic (2) 6.76 £ 1.12 12.17 £ 0.78 5.12 + 4.45 3.04 £1.53 2.19 + 0.68 0.06 + 1.80

Respiration Driven (3) 4.08 +1.07 12.96 + 0.66 4.49 + 3.03 3.67 £ 2.16 2.60 £+ 0.57 1.80 + 1.05
NB2 (Outside) Upwelling Driven (1) 4.89 + 0.59 10.34 + 0.44 6.43 + 4.02 2.06 +1.2 0.91 + 0.45 NA

Normoxic (2) 6.82 +0.72 11.48 £ 0.74 4.78 +£ 5.24 2.1 +1.63 1.14 £ 0.56 NA

Respiration Driven (3) 5.08 £ 0.75 12.62 + 0.64 4.82 + 2.89 1.63 £ 0.2 1.62 £+ 0.32 NA

In this regime, strong upwelling caused the cross-shelf advection of
low DO subthermocline waters on the shelf into the nearshore. More-
over, the lack of stratification in the nearshore during this time likely led
to enhanced vertical mixing of oxygen-rich surface waters (e.g., through
air-sea gas exchange and/or production via photosynthesis) and possibly
buffered against further biological drawdown via the degradation of
organic matter following nearshore diatom blooms. In general, near-
shore DO variability was governed by low-frequency processes
(0.07-0.75 cpd, Fig. 3) and timescales of DO variability that typically
matched synoptic variability in upwelling wind forcing (e.g., one to two
week upwelling-relaxation cycle timescales). This was especially the
case during the spring when synoptic-scale upwelling variability was
strongest and upwelling relaxation events likely led to the greatest ex-
change of waters between the bay and the adjacent shelf and a “reset” of
the retentive bay system (e.g., Walter et al., 2017; Trautman and Walter,
2021). This, coupled with the lack of strong stratification and enhanced
vertical mixing, might be why high chlorophyll periods observed during
the spring months did not drive significant local modulation and
drawdown of bottom DO waters.

4.1.2. Summer stratification and respiration-driven nearshore hypoxic
regime

The second nearshore hypoxic regime identified occurred during the
summer months and at higher temperatures in the T-DO parameter
space. This regime was much more pronounced inside the bay (MB and
SB) compared to outside the bay (NB) where it was largely absent, with
DO concentrations inside the bay consistently below 4.6 mg/L and at
their lowest levels measured during the experiment at less than 2 mg/L.
During the summer low DO event when concentrations dropped below 2
mg/L inside the bay, research aquaria at the Cal Poly Pier, which receive
water from an intake pipe located at the southern end of the pier, had
widespread fish kills of juvenile fish, including many that are endemic to
local waters (e.g., Sebastes spp.; T. Moylan, personal communication). In
this regime and cluster (Fig. 9, Cluster 3), nearshore DO values were
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considerably lower than offshore shelf concentrations for a given tem-
perature and time, suggesting local nearshore modification and DO
drawdown. Moreover, compared to the upwelling-driven hypoxic
regime, this regime was characterized by weak to moderate upwelling,
strong stratification inside the bay, and higher temperatures. These
conditions have been shown to be particularly favorable for large
dinoflagellate blooms, which tend to outcompete diatoms in nutrient-
limited and strongly stratified waters, and as such upwelling bays
have described as local bloom incubators (Ryan et al., 2008; Silva et al.,
2009; Barth et al.,, 2020). The subsequent decomposition of these
localized nearshore blooms, coupled with high retention and strong
stratification that acts as a barrier to vertical mixing of more oxygenated
surface waters to the bottom layer, likely led to localized hypoxic con-
ditions inside the bay (e.g., Fig. 9, Cluster 3). Similar findings were
documented in a retentive bay system located along the Benguela Cur-
rent (St. Helena Bay, South Africa), where locally-enhanced DO deple-
tion followed the decay of high biomass dinoflagellate blooms and
vertical fluxes of organic matter to the benthic environment (Bailey,
1991; Pitcher and Probyn, 2011; Pitcher et al., 2014, 2022). Thus, this
second regime can be characterized as a coupled nearshore
physical-biological process whereby strong stratification decouples
surface and bottom waters, thereby enhancing the local
respiration-driven drawdown inside the bay in the benthic layer.
Previous studies investigating inner shelf and nearshore DO dy-
namics in the California Current, largely from studies on the Oregon and
Washington shelves, have documented a confluence of physical and
biological processes modulating seasonal changes in DO on the shelf
scale (Grantham et al., 2004; Connolly et al., 2010; Adams et al., 2013,
2016; Siedlecki et al., 2015). In these studies, the interplay between
shelf-scale physical and biological processes was examined, with a
conceptual model emerging of wind-driven coastal upwelling initiating
the advection of low DO waters across the shelf followed by a combi-
nation of biogeochemical processes in both the water column and
sediment leading to a further consumption of DO throughout the spring



R.K. Walter et al.

and summer which was often buffered by the advection of along-shelf
and cross-shelf DO gradients and/or diffusive fluxes on the shelf (see
e.g., Connolly et al., 2010; Adams et al., 2013; Siedlecki et al., 2015).
Here, we show that similarly coupled physical-biological processes in-
side the bay in the nearshore can further modify DO variability and the
regional shelf-scale DO signal on a highly localized scale. Utilizing a
regional collaborative network of nearshore DO measurements ranging
from Central and Southern California to Baja California, Mexico, Low
et al. (2021) also documented evidence of regional-scale influences of
upwelling on DO dynamics across the network coupled with
respiration-driven hypoxia at smaller spatial scales in the nearshore at
select sites in Baja California, the latter of which was inferred from de-
creases in correlations between nearshore temperature and DO that
occurred in the late summer and fall. We documented a similar seasonal
transition inside the bay (MB and SB) between upwelling-driven hypoxia
in the spring and local respiration-driven hypoxia (mediated by strong
stratification and dinoflagellate blooms) later in the summer. However,
outside the bay (NB), the T-DO patterns and lack of a late summer
respiration-driven hypoxic regime were more similar to the
geographically-similar California sites in Low et al. (2021), suggesting
that upwelling bays can act as nearshore hotspots for hypoxia risk. The
absence of the second hypoxic regime outside the bay was likely driven
by some combination of the lack of stratification, smaller residence
times, and possibly the lack of localized blooms and/or fluxes or organic
matter to the benthic environment.

Further elucidation of the biological processes that contribute to
nearshore DO dynamics is needed. Since decreased DO due to respira-
tion is coupled with increasing CO,, the impact of pH on microbial ac-
tivity is important to consider (Das and Mangwani, 2015; Bunse et al.,
2016). While bacterial responses to increasing CO5 have varied across
studies in different regions, several studies indicate that bacterial pro-
duction and extracellular enzyme activity will increase with increasing
CO5 (Grossart et al., 2006; Piontek et al., 2010). However, elevated
bacterial respiration has been shown to accompany this increase in
bacterial abundance and production, suggesting a reduced growth effi-
ciency of bacteria under high CO,. (Fuentes-Lema et al., 2018). Tem-
perature has been shown to influence microbial growth rate and
efficiency; however, the net impact of temperature appears to be
dependent on both resource availability and predation pressure (Ara-
ndia-Gorostidi et al., 2017; Moran et al., 2018). Furthermore, seasonal
differences in microbial communities responsible for organic matter
degradation might also drive changes in respiration rates (Ward et al.,
2017; Reji et al., 2020; Nguyen et al., 2022). Finally, variability in the
phytoplankton composition, particularly associated with the late sum-
mer to early fall regional upwelling relaxation season, will be important
to consider. The ability of some dinoflagellate species to exhibit vertical
migration (Ryan et al., 2010) and others to form resting stages (e.g.,
cysts; Brosnahan et al., 2020) will also lead to variations in DO dy-
namics. Variations in DO will potentially contribute to variations in
dinoflagellate composition since DO concentrations (and temperature)
can influence the formation of cysts and the germination back to vege-
tative states (Ellegaard and Ribeiro, 2018; Brosnahan et al., 2020). An
exploration of net community production, respiration, and
benthic-pelagic coupling (e.g., Pitcher et al., 2022) in the context of the
physical variability is needed to understand the collective impact of
these biological processes on DO dynamics in SLO Bay and other up-
welling bay systems.

4.2. Upwelling bays as “Canaries on the Coast”

In both near-bottom nearshore hypoxic regimes identified, there was
a clear seasonal progression and delineation of the role that physical
processes play in mediating and enhancing other biotic processes that
shape the local DO signal. In the first regime, strong upwelling caused
the cross-shelf advection of low DO, respiration-dominated sub-
thermocline waters on the shelf into the nearshore. In the second regime,

11

Estuarine, Coastal and Shelf Science 278 (2022) 108123

strong vertical stratification decoupled surface and bottom waters,
which likely acted to enhance local respiration-driven drawdown inside
the bay. The seasonal transition between the two regimes is linked with
strong seasonality in upwelling wind forcing (e.g., Garcia-Reyes and
Largier, 2012; Walter et al., 2018) and concomitant changes to both the
water column stability and phytoplankton community composition (e.
g., Barth et al., 2020). We highlight that nearshore hypoxia risk is highly
variable over short spatial scales (on the order of km) due to the pres-
ence of a small coastal embayment. While regional-scale coastal up-
welling is a first-order control on nearshore DO dynamics through its
influence on productivity, stratification, and mixing, spatially variable
and localized biotic and abiotic processes in the nearshore can enhance
DO variability and local hypoxia risk in and around upwelling bays.

The presence of nearshore marine microclimates has been studied
extensively for their ability to provide natural refuge from larger-scale
climatic and regional-scale variability (e.g., Woodson et al., 2019).
However, coastal embayments may act to increase ecosystem vulnera-
bility due to their propensity for local-scale modification of both phys-
ical and biological processes. Coastal embayments reduce wind-driven
upwelling (so-called upwelling shadows), leading to anomalously high
surface temperatures, stratified conditions, and long residence times
relative to the open coastline, all of which contribute to the formation of
local bloom incubators, including many HABs species (Graham and
Largier, 1997; Walter et al., 2018; Largier, 2020). The subsequent
decomposition of these localized blooms, coupled with strong stratifi-
cation and high retention, can drive highly localized hypoxic (and low
pH) conditions. Moreover, the localized low DO events observed inside
the bay during the respiration-driven hypoxic regime (Fig. 9 and
Table 1, Cluster 3) are at higher temperatures compared to the
upwelling-driven hypoxic regime (Fig. 9 and Table 1, Cluster 1), which
could exacerbate the severity of these low DO events to organisms in the
bay since survival times of marine benthic organisms under hypoxia
have been shown to decrease and lethal concentrations increase at
higher temperatures (Vaquer-Sunyer and Duarte, 2011). Thus, upwell-
ing bays are likely to be at the forefront of ecosystem impacts of climate
change and may act as sentinel systems or “canaries on the coast,”
representing an urgent need to better understand these ubiquitous fea-
tures found globally in EBUS (see e.g., Table 1 in Largier, 2020, which
provides a partial list of upwelling bays in EBUS). Their role as sentinels
is due to their critical role for a host of processes including potential
marine heatwave exposure; hypoxia development and coastal acidifi-
cation (Pitcher et al., 2014); larval retention, dispersal, and connectivity
(Largier, 2020); local productivity and the development of harmful algal
blooms (Ryan et al., 2008; Barth et al., 2020); and nearshore circulation
patterns, including exchange with the broader coastal system (Roughan
et al., 2005; Trautman and Walter, 2021).

Further observations will be required to understand the longer-term
persistence of the patterns detailed here, given the significant interan-
nual variability and climate patterns detailed in the broader California
Current System (Di Lorenzo et al., 2008, 2013; Macias et al., 2012). In
SLO Bay, the state of both the Pacific Decadal Oscillation (PDO) and
North Pacific Gyre Oscillation (NPGO), exert a strong control on the
seasonality of phytoplankton community succession and the transition
between diatom- and dinoflagellate-dominated periods (Barth et al.,
2020; see also Fischer et al., 2020 from Monterey Bay). For example,
during negative PDO years there was largely an absence of a fall
dinoflagellate-dominated period, while during positive PDO years the
shift to a fall dinoflagellate-dominated community occurred earlier in
the seasonal cycle (Barth et al., 2020). The positive PDO is characterized
by warmer surface temperatures and increased stratification, both of
which are expected to increase under climate-change-driven ocean
warming (Di Lorenzo et al., 2008; Li et al., 2020). Thus, continued ocean
warming could provide conditions favorable for an increase in
locally-enhanced respiration-driven hypoxia in nearshore embayments
following the decay of dinoflagellate blooms. Moreover, further inten-
sification of upwelling wind forcing in EBUS may lead to additional
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changes to nearshore productivity and water column stability, the
detailed effects of which are uncertain but potentially impactful for
nearshore DO dynamics (Bakun, 1990; Sydeman et al., 2014; Wang
et al., 2015; Xiu et al., 2018). As hypoxia emerges as an increasingly
important climate change stressor in nearshore systems, even relative to
the broader shelf (cf. Booth et al., 2014), a further understanding of
drivers and ecosystem vulnerabilities is needed through sustained
long-term monitoring. This study demonstrates a multiple-driver spatial
mosaic of nearshore DO dynamics and highlights the need for assessing
hypoxia risk and ecosystem vulnerabilities at smaller spatial scales than
typically considered.
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