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Coastal retention zones occur in the lee of headlands and within bays of coastal
upwelling environments. Because retention zones can concentrate and retain
communities of coastal planktonic organisms that would otherwise be advected offshore
by wind-driven transport, they are ecologically significant. While the consequences of
these zones for plankton retention and recruitment have been examined, the degree to
which they remain retentive under variable upwelling intensity is less well understood.
This aspect of coastal plankton ecology was studied during 2012 in the retentive
upwelling shadow of northern Monterey Bay, California. Environmental and biological
data show that exceptionally strong upwelling can greatly diminish resident plankton
populations in the upwelling shadow. Results indicate that wind-driven circulation,
essential to primary productivity and the formation of retention zones, can surpass levels
that allow accumulation and retention of plankton communities.

Keywords: coastal upwelling, zooplankton, RNA, autonomous underwater vehicle (AUV), California Current
Ecosystem

INTRODUCTION

The prevalence of wind-driven offshore transport in coastal upwelling systems presents a challenge
to marine plankton that must recruit to nearshore habitats. Retention of plankton communities
can develop within zones where circulation slows or forms eddies, having major consequences
for plankton ecology. Coastal retention zones represent biological hotspots, where upwelling
circulation delivers chemical nutrients that fuel phytoplankton growth and support marine food
webs (Dengler, 1985; Chekalyuk et al., 2012; Landry et al., 2012; Lara-Lopez et al., 2012; Samo et al.,
2012). Where coastal headlands and bays are present (e.g., on the California central coast: northern
Monterey Bay, Point Reyes, and Bodega Head), recirculating retention zones, termed “upwelling
shadows,” develop to leeward (Graham et al., 1992; Graham and Largier, 1997; Wing et al., 2003).
Upwelling shadows accumulate invertebrate larvae (Roughan et al., 2005; Mace and Morgan, 2006b;
Morgan et al., 2011) and are characterized by different assemblages of zooplankton, compared to
adjacent water masses (Graham et al., 1992; Wing et al., 1998). Such retention zones are influential
in determining larval transport and settlement (Roughan et al., 2005; Mace and Morgan, 2006a;
Woodson et al., 2009). Tides and associated internal waves (tidal bores) also mediate invertebrate
larval transport (Shanks, 1986; Pineda, 1991; Mace and Morgan, 2006b; Morgan et al., 2011), as do
species-specific behavioral mechanisms (Pedrotti and Fenaux, 1992; Kingsford et al., 2002; Mace
and Morgan, 2006a; Shanks, 2009; Morgan and Fisher, 2010; Morgan et al., 2012).

Monterey Bay, in the central California Current upwelling system, hosts a retentive upwelling
shadow (Graham and Largier, 1997) that occupies much of the northern bay (Figure 1).
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Increased residence time in the Monterey Bay upwelling
shadow (hereafter MBUS) causes relatively warm sea surface
temperatures (Figure 1A) and enhanced vertical density
stratification (Figure 1B). Retention also allows accumulation
of phytoplankton populations, as evident in chlorophyll
fluorescence patterns observed from both satellite remote
sensing and in situ observations (Figures 1C,D). Zooplankton
abundance and diversity are also enriched in the MBUS,
particularly compared to recently upwelled waters that flow into
the MBUS (Graham et al., 1992).

Ecological dynamics of the MBUS are intimately linked to
the upwelling process. The primary supply of upwelled water
to Monterey Bay originates at Point Afio Nuevo (Figure 1A),
a coastal headland north of the bay (Rosenfeld et al., 1994).
Upwelling filaments from this upwelling center flow southward
across the mouth of the bay and can bifurcate, with some
upwelled water flowing offshore and some flowing into the bay
(Rosenfeld et al., 1994). Previous studies have shown how the
MBUS, and small-scale physical processes within it, can result in
exceptionally dense aggregations of phytoplankton (Ryan et al,,
2008, 2009, 2014b, 2017; Jessup et al., 2009) and zooplankton
(Harvey et al., 2012; Zhang et al., 2012; Ryan et al., 2014a).
Yet, upwelled water is typically impoverished of plankton, and
large influxes of recently upwelled water into the MBUS have the
potential to diminish the plankton community.

Fluctuations in planktonic biomass can be driven by various
factors. Bottom-up mechanisms (e.g., upwelling-driven nutrient
supply, physical forcing) are known to largely influence changes
in planktonic communities of the California Current System
(CCS, El-Sabaawi et al., 2012; Chenillat et al., 2013; Kahru et al.,
2018; Lindegren et al., 2018). Upwelling-driven nutrient supply
and resulting phytoplankton growth have major implications for
higher trophic levels (Jahncke et al., 2008; Menge et al., 2009;
Thompson et al., 2012). Physical forcing (e.g., upwelling-driven
surface transport) can result in the advection of coastal plankton
biomass offshore (Keister et al., 2009b; Bakun et al., 2015; Ruzicka
etal., 2016). Additionally, interest in top-down mechanisms (e.g.,
predation) has increased considerably over the past 20 years
(Baum and Worm, 2009). Although these studies primarily
focus on higher trophic levels, top-down mechanisms have also
been demonstrated for planktonic communities (Gaxiola-Castro
et al., 2008; Landry et al, 2009; Fuchs and Franks, 2010). In
the CCS, regulation of a system comprising phytoplankton,
zooplankton and predatory fish is primarily mediated by bottom-
up mechanisms (Lindegren et al., 2018). Alternatively, this system
can switch to a combination of top-down/bottom-up regulation
during periods of weak upwelling, low nutrient concentrations,
and diminished primary productivity (Lindegren et al., 2018).
Yet, the latter study was conducted for the southern CCS, and
similar results have not been shown for the northern CCS or for
near-shore retention zones.

The strongest upwelling off central and northern California
occurs during April through June (Garcia-Reyes and Largier,
2012). This study took place during May-June 2012. To study
the effects of upwelling circulation on the resident biomass
of barnacles and copepods (Calanoida and Podoplea) in the
MBUS, we conducted repeated sampling from an autonomous

underwater vehicle (AUV) and a ship. Water samples were
analyzed with zooplankton taxon-specific molecular probes to
determine relative target ribonucleic acid (RNA) abundances,
corresponding to invertebrate biomass (Goffredi et al., 2006;
Jones et al., 2008; Harvey et al., 2013). These results were analyzed
in the context of preceding and coincident environmental data, to
examine the relationship between local zooplankton biomass and
upwelling dynamics.

METHODS

Contextual Environmental Data

Satellite remote sensing data were used for two purposes. The
first was to illustrate regional ecological patterns using long-
term means of sea surface temperature (SST) from the Advanced
Very High-Resolution Radiometer (AVHRR) sensors, and
chlorophyll fluorescence line height (FLH) from the Moderate
Resolution Imaging Spectroradiometer (MODIS) on the Aqua
satellite (Figure 1). The spectral shape FLH algorithm captures
intense phytoplankton blooms better than band-ratio chlorophyll
algorithms (Ryan et al., 2009; Houskeeper and Kudela, 2019)
and is thus better for climatological characterization. The second
purpose was to illustrate variability during the study using
synoptic (single-pass) AVHRR and MODIS images. The AVHRR
image time-series was constrained to similar hours of the day
(between 0 and 5) to minimize bias from diel changes in SST.
Remotely sensed ocean surface currents from HF radar were
used to examine circulation patterns. All remote sensing data
were acquired through the National Oceanic and Atmospheric
Administration (NOAA) Environmental Research Division’s
Data Access Program (ERDDAP) server'.

Observations from moorings were used to describe wind
variability and oceanographic conditions. Wind measurements
were from the National Data Buoy Center (NDBC) Station
46042 (Figure 1A); original data at 10-min resolution were
averaged in 6-h bins. Water column temperature and salinity
were measured at mooring M1 (Figure 1A); original data at
hourly resolution were averaged in 1-day bins. To evaluate the
intensity of upwelling during the study period, we used upwelling
indices (UI) modeled from atmospheric pressure fields (Schwing
etal.,, 1996). Monthly UT at 36°N, 122°W for 2000 through 2019,
also acquired via ERDDAP, were analyzed to represent values of
2012 as anomalies (standard deviations relative to the long-term
mean for each month).

Two data sets acquired by the Dorado AUV were used
for different purposes. Key measurements from both data
sets include temperature, salinity and depth from a SeaBird
SBE 25 conductivity-temperature-depth (CTD) instrument, and
chlorophyll fluorescence and optical backscatter from a HOBI
Labs HS-2 instrument. The first data set is a 5-year (2003-2007)
time-series of approximately monthly surveys along a transect
that extended from mooring M1, at the central mouth of the
bay, to the northeastern reaches of the MBUS (Ryan et al,
2008). For study context, mean conditions across the upwelling

'https://coastwatch.pfeg.noaa.gov/erddap/
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FIGURE 1 | Ecosystem patterns from long-term observations. Physical—(A) Sea Surface Temperature (SST) from the Advanced Very High-Resolution Radiometer
(AVHRR) satellite sensors; the locations of mooring M1 (white dot), NDBC Station 46042 (black dot), and the Dorado AUV'’s historical transect (black line) are
indicated. (B) Mean water density along the AUV transect (black line in panel A); isopycnals are indicated by white lines. Biological—(C) Normalized chlorophyll
Fluorescence Line Height (FLH) from the Moderate Resolution Imaging Spectroradiometer (MODIS) satellite sensor; global location of the study region (inset, black
arrow) is indicated. (D) Mean fluorometric chlorophyll concentration along the AUV transect (black line in panel C). Satellite data (A,C) represent 6-year (2003-2008)
mean conditions for March through November. In situ data (B,D) represent 5-year (2003-2007) mean conditions from approximately monthly surveys along the AUV
transect shown in the satellite data images during April through November. Latitudinal range along the AUV transect (x-axes) is indicated.

shadow and adjacent waters were computed from this time-series
(Figure 1). The second AUV data set provided the synoptic
sections and targeted water sample acquisition that are the focus
of this study. A fixed transect was planned to cross the strongest
gradients between the MBUS and adjacent upwelling filaments
(Zhang et al., 2012). Each section, a 36 km transect along 36°54'N
between 121°54'W and 122°18'W (Figure 2E), acquired ~220
yo-yo profiles between 2 m and 50 m depths (minimum 7.5 m
above the seabed) in ~9 h. The average distance span of each
profile was 160 m. Each deployment consisted of two passes along
the full transect, outbound followed by inbound. Sensor fouling
precluded CTD data collection in one survey, on 6 June 2012.
The Dorado AUV was equipped with a Gulper sampling
system which comprised ten 1.8 L syringe-like bottles that rapidly
filled (1-2 s) to acquire discrete water samples (Bird et al., 2007).
This system can achieve targeted water sampling according to
onboard analyses that identify physical (water types) and optical
(phytoplankton) features (Ryan et al., 2010; Zhang et al., 2010),

and it has been used to elucidate various aspects of plankton
ecology in the MBUS (Ryan et al., 2008, 2009, 2014b, 2017; Zhang
et al., 2010, 2012; Harvey et al., 2012). Because zooplankton are
discretely distributed in time and space, the AUV ran an adaptive
detection and sampling algorithm to autonomously collect water
samples in three distinct water types: within the chlorophyll
enriched MBUS, within recently upwelled water, and within the
front between these endmember water types (Zhang et al., 2012).
This algorithm incorporates a peak-capture functionality for
triggering sample collection within chlorophyll enriched patches
of the MBUS (Zhang et al,, 2010). The peak-capture algorithm
enables identification and sampling of local chlorophyll maxima,
effectively allowing water collection from areas of the water
column where phytoplankton (and zooplankton grazers) are
most abundant (Ryan et al., 2014a). For each survey three samples
were set to be collected inshore of the upwelling front (i.e.,
in the MBUS retention zone), four within the upwelling front,
and three in freshly upwelled waters. To minimize sample hold
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time in the AUV, all samples were collected during the inbound
(second) transect. A total of 37 water samples were collected
by the Dorado AUV across the MBUS and adjacent upwelling
filament zone during 5 sampling days: 3 days while the MBUS
was moderately disturbed by upwelling (30 May-1 June) and
2 days following strong disruption of the MBUS by upwelling
circulation (6-7 June).

Ship Water Sampling

Water sampling from the R/V Fulmar was conducted during
the AUV deployment period. This sampling employed a CTD
rosette with 10 L Niskin bottles triggered at 10 m depth (except
for one sample at 5 m depth) at fixed geographic points along
the AUV transect, providing 13 additional samples. Because
ship samples were part of a different research program and
applied different RNA probes, they are examined independently
of the AUV samples.

Target Organism Detection

Both AUV and ship collected water samples were vacuum
filtered onto two 5 wm Durapore filters (Millipore, Billerica,
Massachusetts), placed in 2 mL cryogenic vials and frozen in
liquid nitrogen. Samples were lysed, filtered and analyzed by
Sandwich Hybridization Assay (SHA), as previously described
(Goffredi et al., 2006; Jones et al., 2008; Harvey, 2012). SHA
molecular probes detected RNA from common zooplankton
targets (invertebrate larvae and various copepods) in water
samples. SHA probes were previously developed and described
elsewhere for barnacles (Goffredi et al., 2006; Jones et al., 2008)
and various copepods (Harvey et al., 2012). RNA detection by
SHA is a measure of target RNA molecules, a proxy for total
biomass of zooplankton targets encountered in each sample
(Harvey et al,, 2013, 2017). Therefore, RNA detection reported
here represents relative biomass for each target organism, but not
total numbers of individuals.

Zooplankton detection frequency and biomass data were
compared between water samples taken during contrasting
periods of upwelling influence on the MBUS in May-June 2012.
Comparisons employed the non-parametric Wilcoxon rank-sum
test. Comparisons additionally employed the parametric ¢-test, if
normality was indicated by the Shapiro-Wilk normality test.

RESULTS

Environmental Variability

Within the two decades spanning 2000 through 2019, peak
upwelling in 2012 reached the 99th percentile of all monthly
levels. During May 2012, the month during which we began
sampling, the upwelling index was more than two standard
deviations above the long-term mean for May (Figure 2A).
Exceptionally strong upwelling persisted into June. The strong
upwelling favorable (northwesterly) wind forcing during May-
June 2012 is evident in local wind measurements (Figure 2B).
Water column observations at the mouth of Monterey Bay
(mooring M1) show that the coldest and most saline conditions
of 2012, indicative of coastal upwelling, coincided with our

study period (Figures 2C,D). Thus, the potential for upwelling
influence on the MBUS during our study was exceptional on both
annual and decadal time scales.

Peak upwelling influence was evident at mooring M1 by 25
May, as surface outcropping of the coldest and most saline
isopleths for the entire year (Figures 2C,D). Satellite observations
show that this local outcropping at M1 was due to the transport
of upwelled water originating along the coast north of Monterey
Bay (Figure 2E), from the Point Afio Nuevo upwelling center
(Figure 1). The influence of this upwelling plume increased
during late May and variably affected the MBUS during late May
through early June (Figure 2E).

Synoptic in situ and remotely sensed observations clarify the
progression of upwelling influence on the MBUS (Figure 3).
As observed during 30 May through 1 June, recently upwelled
water—relatively cold, saline, and chlorophyll impoverished—
flowed along the outer periphery of the upwelling shadow,
which was relatively warm, less saline, and chlorophyll rich
(Figures 3A-C). At this time, hydrographic distinction of the
MBUS was pronounced within the upper 20 m inshore of
~122.2°W (Figures 3A-C). By 6-7 June distinction of the
MBUS surface lens was greatly diminished as temperature
decreased, salinity increased, and vertical stratification decreased
(Figures 3E,F) compared to conditions during 30 May-June
1 (Figures 3A-C). These changes, quantified by percentiles
(Figure 3G), are consistent with the influx of recently upwelled
water. Hydrographic changes were accompanied by reduced
chlorophyll concentrations and extension of surface chlorophyll
isopleths deeper into the water column within the bay, consistent
with the diminished vertical stratification of temperature and
salinity (compare Figures 3D-F with Figures 3A-C).

Remote sensing data confirm that these changes were
associated with influx of recently upwelled water. Between the
two sampling periods, average surface current velocity was
dominated by cyclonic flow within and adjacent to Monterey Bay
(Figure 3H). Consistent with this flow pattern, a MODIS image
from 7 June showed a plume of low-chlorophyll (blue) water
flowing into the MBUS within the northward-flowing (eastern)
portion of the cyclone, extending into our study area (Figure 3H).
This influx coincided with export of MBUS surface water along
the boundary of the southward flowing filament of upwelled
water, evident as the filament of high FLH (and green hue in
the true-color image) extending NW-SE across the mouth of the
bay (Figure 3H).

The true-color image also shows a filament of water with a
white hue originating from the coastal upwelling center north of
the bay (Figure 3H, black arrow) and extending southeastward
into the bay. Across the mouth of the bay this whitish filament
was adjacent to the chlorophyll-rich filament exported from
the MBUS, indicating transport by the same circulation. This
feature was detected by the AUV. The maximum AUV optical
backscatter signal during 6-7 June was within narrow bands
in the upper 30 m of the water column (Figures 3D,E;
highlighted by black contours overlaid in the chlorophyll
panels). These backscattering maxima did not correspond to the
chlorophyll fluorescence maxima, thus suggesting presence of
non-phytoplankton particles. Because coastal upwelling couples
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FIGURE 2 | Regional upwelling conditions. (A) Monthly anomaly of the upwelling index at 36°N, 122°W (m?3 per second per 100 m of coastline) for 2012,
represented as standard deviations (sd) relative to a long-term (20-year) monthly climatology. (B) Wind speed from NDBC Station 46042 (location in Figure 1A).
(C,D) Water-column temperature and salinity at the M1 mooring (location in Figure 1A). Triangles mark the start of two AUV sampling periods, 30 May (for 30 May
through 1 June) and 6 June (for 6-7 June). (E) Sea surface temperature (SST) variation during 21 May-7 June 2012. Times are UTC. The location of mooring M1
(gray dot) is indicated. The 36°54’N AUV transect (white line) is indicated on days when AUV surveys were conducted (Figure 3).

the bottom boundary layer to the surface, and because upwelled
water has very low phytoplankton abundance, we interpret
that this optical feature was caused by particulate matter from
the bottom boundary layer of the upwelling center that was
transported into our study area.

Biological Changes
Coincident with the changes in hydrographic conditions and
phytoplankton distributions induced by the upwelling influx
(Figures 2, 3), zooplankton abundance, diversity, and detection
frequency decreased (Figure 4). This shift occurred after the
increase in upwelling flow into northern Monterey Bay. Prior
to the upwelling influx (i.e., sampling period SI: 30 May-1
June), invertebrate zooplankton taxa were detected in 78% of
AUV samples and 100% of ship samples, including barnacles,
podoplean copepods and calanoid copepods. Following the
upwelling influx (i.e., sampling period S2: 6-7 June), zooplankton
detection occurred in only 40% of AUV samples and 83% of
ship samples, and only calanoid copepods were detected in
the AUV samples.

Although calanoid copepods were detected throughout the
study, their RNA signals were significantly reduced during

sampling period S2 compared to S1 (Figure 4). For the
AUV samples, S1 and S2 medians of calanoid copepod
RNA signals were 0.16 and 0, respectively. The Wilcoxon
rank-sum test (nl = 27, n2 = 10; p < 0.01; one-tailed)
indicated that the S1 median was greater and the difference
is statistically significant. The Shapiro-Wilk test (p < 0.01)
indicated that the null hypothesis of normal distribution
should be rejected, thus precluding parametric analysis. For
the ship samples, the S1 and S2 medians of calanoid copepod
RNA signals were 0.38 and 0.13, respectively. The Wilcoxon
rank-sum test (nl = 7, n2 = 6; p < 0.01; one-tailed)
indicated that the S1 median was greater and the difference
is statistically significant. The Shapiro-Wilk test (p = 0.63)
indicated that the null hypothesis of normal distribution
should be retained, thus allowing parametric analysis. Bartlett’s
test (p = 0.69) indicated that the null hypothesis of equal
variances between S1 and S2 sample sets should not be
rejected, so Student’s t-test is appropriate. This ¢-test (p < 0.01)
indicated that the S1 mean was greater than the S2 mean,
and that the difference is statistically significant. Barnacles and
podoplean copepods were not detected frequently enough for
statistical analysis.

Frontiers in Marine Science | www.frontiersin.org

May 2021 | Volume 8 | Article 648944


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Harvey et al.

Extreme Upwelling and Coastal Retention

2

05/30 05/31 06/01 06/02 06/03 06/04 06/05 06/06 06/07 06/08
N TN H H 2 H i
-3 -1
Temperature (°C) Salinity Chlorophyll (g L™) b, (x107 m™)
9 10 11 12 33.8 339 34 051 2 4 8 16 0 5 10 15

I EEET T T .
i R

122.2°W 122°W 122.2°W 122°W
G . — 34 L .
S
®
5 2
® £ 339 g
2 %)
§
._
. - 33.8 T .
June 1 7 June 1 7

FIGURE 3 | Synoptic in situ and remotely sensed conditions during the process study. (A-F) Vertical sections of temperature, salinity, chlorophyll and optical
backscatter along the 36°54’'N AUV transect (Figure 2E). AUV survey dates and pass durations appear on the timeline above (UTC). Blank temperature and salinity
sections in (D) resulted from sensor fouling. All sections are from eastbound (water sampling) surveys except (E), which is shown because nearshore hydrographic
data coverage was better than in (F). Water sample locations are shown in each panel (gray dots). The black contours overlaid in the chlorophyll panels of (D,E)
represent maximum optical backscattering (bp) in the upper water column. (G) Non-parametric boxplots showing percentiles of salinity and temperature
measurements from the upper 20 m inshore of 122°W on June 1 and 7; boxes show the interquartile range, bisected by the mean, and vertical lines span the
10th—90th percentiles. (H) MODIS fluorescence line height (FLH) and RGB “true color” image from 7 June. Overlaid on FLH are surface current vectors from coastal
HF radar, representing average velocity over June 1-7. In the true-color image the black arrow indicates the source of the whitish filament that originated in the
coastal upwelling center; the white line shows the AUV transect; the white circle is a reference point at 122°W.

€
£
8
122.2°W 122°W 122.2°W 122°W
0.1
008 @
£
006 =
§
0.04
2
E
002 T
-l
w

DISCUSSION

Biological Distinction of the Upwelling
Shadow

Coastal upwelling brings nutrient-rich water to the surface and
fuels phytoplankton growth that supports grazing zooplankton
populations (Gonzalez-Rodriguez et al., 2012; Ohman et al,
2012; Thompson et al, 2012). Through enhanced residence
time, retentive upwelling shadows allow accumulation and
maturation of diverse plankton communities (Roughgarden
et al, 1991; Graham et al,, 1992; Graham and Largier, 1997;
Roughan et al., 2005; Morgan et al., 2011). Consistent with
previous studies (Graham et al., 1992; Graham and Largier, 1997;

Ryan et al., 2008, 2009, 2014b; Woodson et al., 2009), this study
demonstrates the biological distinction and significance of
the MBUS. During May-June 2012, the MBUS exhibited
local maxima in phytoplankton chlorophyll concentrations
and zooplankton biomass and diversity. While causality of
these biological patterns resulting from the upwelling shadow
phenomenon is understood, the biological consequences of large
variations in upwelling intensity are not.

Influences of Upwelling Circulation on
the Upwelling Shadow

Variations in upwelling influence on the MBUS were resolved
through multidisciplinary observations. Exceptionally strong and
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FIGURE 4 | Calanoid copepod RNA detection (biomass) from water samples collected by AUV and ship. (A) Map of all sample locations. (B) Non-parametric
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Figures 3A-F, respectively). (C) Non-parametric boxplots of RNA signals from ship water samples collected during S1 (n = 7) and S2 (n = 6).

persistent wind-driven upwelling near Point Afio Nuevo and
concomitant southward coastal flow progressively influenced
Monterey Bay; first the outer bay during late May, then
reaching the inner MBUS during early June. Remote sensing
confirmed coupling of regional coastal upwelling flow to the
MBUS, and in situ observations revealed the influences of
this upwelling flow on hydrographic and optical properties
within the bay. These processes disrupted the sheltering and
retention of the MBUS (Graham and Largier, 1997), as indicated
by two changes: (1) the shallow lens of relatively warm,
less saline, chlorophyll-rich water became cooler, more saline,
and less chlorophyll-rich, and (2) vertical stratification of
temperature, salinity, and chlorophyll decreased. The influx
of recently upwelled water—relatively cold, saline, chlorophyll
impoverished, sediment enriched, and weakly stratified—
is consistent with the observed changes. This influx was
accompanied by export of plankton-enriched waters from the
MBUS, offshore and southward. A dominant cyclonic circulation
within and outside the bay drove exchange between the MBUS
and the upwelling plume and is likely the primary cause of
diminished zooplankton abundance observed during the second
sampling period.

Mixing of the two water types represents another possible
factor in the reduction of zooplankton abundance. MBUS
plankton populations that mix with recently upwelled, plankton-
impoverished waters would be diluted. Strong lateral exchange of
these contrasting water types is prone to mixing, as previously
observed with high-resolution airborne remote sensing (Ryan
et al., 2009), and mixing is indicated by the AUV data from
this study. Persistence of a chlorophyll enriched surface layer
throughout these major environmental changes implies that
MBUS waters were not simply replaced by the influx of recently
upwelled, chlorophyll-impoverished water, but rather that mixing
of upwelled waters with resident MBUS waters occurred.

Although top-down mechanisms (e.g., planktivorous fish)
are also known to reduce zooplankton biomass (Lindegren
et al, 2018), the observed degree of calanoid copepod
decrease (e.g., detection reduced from 78% to 40% of
AUV samples) is likely primarily due to upwelling-driven
advection from and dilution within the MBUS. Influx of

recently upwelled, plankton-impoverished water would likely
decrease foraging efficiency within the MBUS by decreasing
plankton concentrations, making intensification of grazing
an unlikely cause of diminished zooplankton biomass.
Furthermore, although observations in the southern CCS
indicate that similar ecosystems can switch from predominantly
bottom-up to a combination of top-down and bottom-
up mechanisms (Lindegren et al, 2018), this only occurs
during weak upwelling, with low nutrient concentrations.
The latter conditions are converse to those observed during
our study period.

The Ecological Balance of Upwelling

Shadows

Overall, our observations support the conclusion that upwelling
intensity affects the essential ecological functions of upwelling
shadows as habitats for growth, accumulation, and maturation of
plankton communities. Influx from coastal upwelling is essential
to supplying the nutrients that fuel primary productivity.
Variation in upwelling intensity undoubtedly mediates
processes that shape upwelling shadow ecology. Moderate
intermittent upwelling influx may support both productivity
and retention, thereby allowing growth, accumulation, and
time to develop abundant and diverse plankton communities.
Although exceptionally strong upwelling may supply abundant
nutrients for phytoplankton growth, the accompanying
disruption of stability in upwelling shadow habitats may
diminish retention and residence time, thereby diminishing the
potential for accumulation of plankton across trophic levels.
Similar decreases in abundance following spring upwelling
have been noted for zooplankton and associated micro-
nekton in Monterey bay, measured by acoustic backscatter
(Urmy and Horne, 2016). Acoustically measured zooplankton
biomass transport offshore has also been documented for
the shelf area of the Heceta Bank off Newport, Oregon,
during summer upwelling (Wu et al., 2014). More generally,
upwelling filaments have been shown to advect zooplankton
offshore and drive their distributions in the northern CCS
(Keister et al., 2009a,b).
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The phenology of upwelling has proven critical for
understanding the consequences of variation in productivity for
local, near-shore populations of marine organisms. For example,
late initiation of upwelling can have dire consequences for marine
mammals and seabirds (Melin et al., 2010; Black et al., 2014).
Upwelling strength is commonly considered a covariant of
ecosystem productivity. While this is true for integrated primary
productivity (Garcia-Reyes and Largier, 2012; Gonzalez-Gil
et al, 2015; Wang et al, 2015), our results suggest that
upwelling strength beyond a certain intensity may diminish
the ecological richness of retention zones, by displacing or
diluting resident plankton populations. Future studies of how
coastal physical processes affect nearshore ecology in coastal
upwelling ecosystems may benefit from consideration of the
potentially diminishing effects of anomalously strong upwelling
on retention zones.
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