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EXECUTIVE SUMMARY

Distinguishing between local, anthropogenic nutrient inputs and large-scale climatic forcing as
drivers of coastal phytoplankton biomass is critical to developing effective nutrient management
strategies. Here we assess the relative importance of these two drivers by comparing trends in
chlorophyll-a in coastal (0.1-16.5 km) to offshore (17-700 km) areas, hypothesizing that coastal
regions influenced by anthropogenic nutrient inputs would have different spatial and temporal
patterns in chlorophyll-a concentration from offshore regions where coastal inputs are less
influential. Quarterly CTD fluorescence measurements collected from three southern California
continental shelf regions since 1998 were compared to chlorophyll-a data from the more offshore
California Cooperative Fisheries Investigations (CalCOFI) program during the same period. We
found the trends in the coastal zone were comparable to those offshore, with a gradual increase
in total chlorophyll-a and a shallowing of the subsurface chlorophyll-a maximum depth since the
beginning of observations, followed by chlorophyll-a declining and deepening from 2010 to
present. An exception was the northern coastal part of SCB, where chlorophyll-a continued
increasing after 2010. The observed trends appear to be strongly associated with ocean physical
environment. The long-term increase in chlorophyll-a prior to 2010 was correlated with
increased nitrate concentrations in deep waters, while the recent decline was associated with
deepening of the upper mixed layer. The observed trends in chlorophyll-a appear to be linked to
the low-frequency climatic cycles of the Pacific Decadal Oscillation and North Pacific Gyre
Oscillation. These large-scale factors affecting the physical structure of the water column may
also influence the biological response to terrestrially derived nutrient sources, making it difficult
to distinguish the effects of anthropogenic inputs on chlorophyll along the coast.
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INTRODUCTION

Remotely-sensed ocean color data suggest that phytoplankton biomass has been increasing along
the southern California coast over the last several decades [Kahru et al., 2012; Nezlin et al.,
2012]. Such increases can result from local nutrient inputs [Howard et al., 2014], but can also
result from large-scale climate forcing [Cloern, 2001]. For instance, natural processes like
strengthening of wind-generated coastal upwelling [Bakun, 1990; Bakun et al., 2010; Di
Lorenzo, 2015] and increased nutrient concentrations in deep source waters [Rykaczewski and
Dunne, 2010; Bograd et al., 2015] can affect frequency and magnitude of algal blooms
nearshore. Large-scale climatic drivers affecting phytoplankton biomass in the northeastern
Pacific, including enhanced stratification due to global warming and decreasing productivity
[Behrenfeld et al., 2006; Polovina et al., 2008], are linked to low-frequency events like the El-
Nifio Southern Oscillation (ENSO) [Philander, 1990; Trenberth, 1997] and regime shifts thereof
[Hayward et al., 1999; Miller and Schneider, 2000; Peterson and Schwing, 2003; Kim and
Miller, 2007], and climatic cycles like the Pacific Decadal Oscillation (PDO) [Mantua et al.,
1997; Newman et al., 2016] and the North Pacific Gyre Oscillation (NPGO) [Di Lorenzo et al.,
2008].

Ocean physical environment has a strong control over primary producer response. Phytoplankton
growth is regulated by the availability of light and nutrients, with most of nutrient supply to well-
illuminated surface ocean coming from the mixing and upwelling of cold, nutrient-rich water
from below [Longhurst, 1995; Longhurst, 1998]. Enhanced stratification can suppress nutrient
exchange through vertical mixing, while surface cooling favors elevated vertical exchange which
may result in greater primary productivity.

Differentiating between the effects of local eutrophication from coastal anthropogenic nutrient
inputs and climate forcing is important for successful coastal resource management. Here, we
assess the relative importance of these two drivers by comparing trends in chlorophyll in three
coastal regions of the Southern California Bight (SCB) subject to nutrient pollution, with trends
farther offshore, where anthropogenic nutrients are not expected to play a significant role.
Specifically, we examine interannual trends in chlorophyll vertical structure and physical
environment in the nearshore zone (0.1-16.5 km offshore) with the offshore region (17-700 km)
utilizing decades-long records of in situ observations of chlorophyll to better understand the
relative role of global versus local controls on the long-term trends in phytoplankton biomass in
the SCB.

METHODS
Data collection

Nearshore SCB chlorophyll fluorescence profiles were measured quarterly at 258 stations along
49 cross-shelf transects from summer 1998—fall 2015 in the northern and central SCB and from
fall 2003—fall 2015 in the southern SCB (Figure 1). CTDs were deployed to 100 m depth, or to 2
m above the bottom at stations with less than 100 m depth, measuring a suite of ocean properties
including pressure, temperature, salinity, colored dissolved organic matter, dissolved oxygen,
and chlorophyll fluorescence. The resulting 8 Hz or 24 Hz profiles were averaged to 1 m bins.
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Sampling was conducted by five Publicly Owned Treatment Works (POTW) agencies, each
using their own instruments and vessels: Aquatic Bioassay and Consulting Laboratories, Inc.,
representing the City of Oxnard (Oxnard), City of Los Angeles (CLA), Los Angeles County
Sanitation Districts (LACSD), Orange County Sanitation District (OCSD), and City of San
Diego (CSD). For analysis, we grouped data regionally, Oxnard and CLA as the northern region,
LACSD and OCSD as the central region, and CSD as the southern coastal region (Figure 1).
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Figure 1. (A) CalCOFI stations and the (B) northern; (C) central; (D) southern coastal SCB regions
where CTD profiles were collected during POTW WQ monitoring. Arrows point at the four major
wastewater outfalls in SCB: City of Los Angeles (CLA), Los Angeles County Sanitation District
(LACSD), Orange County Sanitation District (OCSD) and City of San Diego (CSD).

Chlorophyll florescence measurements were made with WetStar WS3S fluorometers, which
were calibrated annually by the manufacturer. Conversion of chlorophyll fluorescence to
chlorophyll-a concentration (CHL) was based on 357 discrete CHL samples collected from the
surface and the maximum CHL fluorescence layer in parallel to CTD profiles in winter 2009 (70
samples), winter 2010 (24 samples), spring 2010 (211 samples) and spring 2013 (52 samples).
Calibration samples were collected in the morning to minimize the effect of diurnal variations of
CHL fluorescence yield. CHL was extracted in 90% acetone and measured with a Turner 10-AU
fluorometer using the acidification method [Parsons et al., 1984]. A power relationship between
discrete CHL concentration (mg m) and fluorescence (volts) was developed from these data:

[CHL = 5.8423 - \/ 10649], (Eq. 1)



and applied to all data since 2009. A power relationship was preferred over linear because
statistical distribution of CHL in the ocean is typically close to lognormal [Banse and English,
1994; Campbell, 1995]. The relationship demonstrated high correlation (R? = 0.677) and was
equally applicable to all southern California regions and observation periods (no significant
differences were detected by ANOVA).

Prior to 2009, historical POTW CTD datasets did not include a voltage for CHL fluorescence
and consequently the above relationship could not be applied. For these data CHL concentrations
(mg m3) were calculated from fluorescence using standard linear coefficients provided by the
manufacturer. Factory calibration ensures the scaling factor correctly responds to internal
standards and reference lab culture of Thalassiosira weissflogii phytoplankton used by the
manufacturer, in addition to setting the clean water offset. However, comparison of the CHL
concentration reported using the manufacturer calibration and discrete bottle samples collected
as calibration for this study showed that the manufacturer calibration significantly overestimated
chlorophyll concentrations in the SCB. Consequently, a correction factor of 0.4 was calculated as
the averaged difference between all CHL bottle samples and corresponding factory-calibrated
CTD CHL measurements and applied to the historical dataset. This difference in methodology
converting fluorescence to chlorophyll concentration may influence the results. However, for the
northern and central regions, the pre-2009 and post-2009 appear to align well, suggesting that
difference in methodology did not significantly affect the data. However, the data for the
southern region appears to have an abrupt change, which may be due to the change in
methodology rather than chlorophyll biomass. In general, pre-2009 data should be interpreted
with caution.

Oceanographic observations offshore of southern California have been carried out for almost 70
years by the CalCOFI program (www.calcofi.org). It includes regular collection of discrete
samples of inorganic nutrients and CHL detected by chemical methods resulting in
measurements more accurate than nearshore data of POTW monitoring. Since 1984,
concentrations of inorganic nutrients and CHL, as well as basic hydrographic variables, have
been measured on a quarterly basis at 59 stations off Southern California (Figure 1A) in an area
extending almost 700 km offshore (referred below as CalCOFI region). Data at each station
included in situ water samples collected by 10-L plastic Niskin bottles typically at 20 depths,
generally chosen to provide high resolution (~10 m) around the subsurface CHL maximum and
the shallow salinity minimum of the upper thermocline. Temperature, salinity, and inorganic
nutrients (including nitrate) were measured for all depths sampled. CHL samples were taken
within the upper 200 m or within lesser depths at shallower stations and CHL was determined
from the fluorescence of acetone extracts [Parsons et al., 1984]. Further details of the sampling
and analytical procedures can be found at www.calcofi.org.

Analytical metrics

Two metrics were used to assess spatial and temporal trends in magnitude and vertical structure
of phytoplankton biomass at each station. To ascertain changes in the magnitude of biomass, we
calculated vertically-integrated CHL concentration of the water column CHLt (mg CHL m™)

CHLwt = [ CHL(2) - dZ (Eq.2)
where CHL(z) is CHL concentration (mg CHL m™) at depth Z.
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To evaluate changes in vertical structure we calculated the depth of the CHL profiles’ center of
mass, Dchi (M):

Decni (M) =

1

T [Z-dCHL(z) (Eq. 3)

Center of mass was preferred over the more traditional chlorophyll maximum depth [cf. Cullen,
2015] because many nearshore profiles had two (or more) subsurface peaks in chlorophyli
fluorescence or broad maximum peaks, making classification of a single “maximum” depth layer
difficult.

We investigated three metrics to characterize the relationship between the ocean physical
environment and CHL:ot and Dcni in the SCB: (1) water column stratification regulating nutrient
flux into the euphotic zone, (2) nutrient concentration in deeper waters, (3) horizontal advection
of waters with different nutrient content associated with large-scale ocean circulation patterns
(“nutrient-rich” waters transported from the north vs. “nutrient-poor” waters from the south). To
assess covariance of deep-water nutrients with CHL, the nitracline depth (Dnc) was calculated as
the depth where nitrate concentrations started increasing with depth from near-zero (<0.1 uM L~
1) values (calculated for CalCOFI data only). The depth of the potential density anomaly (ce)
25.0 kg m™ isopycnal (Do2s) was used as a proxy for water column stratification. Isopycnal
surface 25.0 kg m was selected because this density was measured in most profiles of both
CALCOFI and POTW datasets, and could thus be used as a characteristic of water column
density profiles. Ds2s was preferred to other measures of water column stratification (buoyancy
frequency and the pycnocline depth calculated using different methods [Papadakis, 1981;
Freeland et al., 1997; Thomson and Fine, 2003]), which demonstrated poor relationship with
CHLyot and Dcni. Spiciness &t (a state variable uncorrelated with density [Flament, 2002]), is often
used as a tracer of basin-scale water mass movements. We analyzed spiciness at the Ds2s depth
(ms25). All oceanographic parameters were calculated using the R package “oce”
(http://dankelley.github.io/oce/documentation.html).

Statistical analysis

Temporal trends, and regions where these trends occurred, were assessed using Empirical
Orthogonal Functions (EOFs) [Preisendorfer, 1988; Emery and Thomson, 2014]. EOFs
decompose time series of spatial maps (here time series of CHLuot, Dchi, €tc. over the sampling
patterns from the three POTW and one CALCOFI regions) into a set of orthogonal functions, or
modes. These modes consist of two parts: (1) maps of spatial distributions of a variable for each
mode; and (2) a time series that quantifies how each map changes in time. In the procedure, each
parameter ym(t) (e.g. CHL:wot) at each station m time t was normalized as

l//m’(t) = [ l//m(t) - l/jm] / om (Eq 4)

where m and om are the mean and standard deviation over all observations at station m.
Variations of each parameter were separated into modes as,

() = 21 @' (6) - Pim (Eq.5)

where a;’(t) is the amplitude function of mode i for observation t; gim is spatial mode i at station
m; summation is over all M modes. Spatial modes ¢;; are orthogonal and amplitude functions
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ai’(t) are uncorrelated. The modes are ranked according to the fraction of variance accounted for
each mode in the original data. Often a few modes explain much of the variance for a given
parameter. Missing data were reconstructed using the Data Interpolating Empirical Orthogonal
Functions (DINEOF) approach [Beckers and Rixen, 2003] implemented in the R package
“spacetime” [Pebesma, 2012]. Normalized amplitude functions ai’(t) obtained using Eq. 5 were
transformed to dimensional amplitude functions ai(t) by regressing them against the original data
set.

EOF analysis was applied independently to the three coastal SCB regions and the offshore
CalCOFI region. For all parameters, only the first EOF mode (m = 1) was analyzed because it
captured the fundamental variability of the system (27%-94%). Other EOF modes were not
analyzed because they explained less variance and did not exhibit clear spatial patterns through
time.

The periods when trends were statistically significant were detected using Generalized Additive
Models (GAM), a method based on optimal smoothing of the time series. GAM is a non-
parametric generalization of the linear regression model [Hastie and Tibshirani, 1986], where the
usual linear function of a covariate is replaced with a sum of unspecified smooth functions
determined by the data through iterative smoothing operations. After the GAM model was fitted
for each seasonally adjusted time series using R package “mgcv” [Wood, 2016], the derivatives
(slopes) and their standard errors (confidence intervals) were computed for each predicted point
using the method of finite differences. The periods when these derivatives were significantly
different from zero at the selected confidence level were defined as statistically significant trends
[Simpson, 2014]. The points between the increasing and decreasing periods were detected as the
points where the slope is zero. A salient feature of most observed parameters was the change of
the trend direction observed between 2006-2010. Significance of the trends before and after this
change was estimated by detecting the time when the change occurred preceding the most recent
period of significant change and estimating the significance of the linear trends before and after
this time.

Influence of large-scale climatic forcing on local CHL expression

The effect of climate fluctuations on the CHL biomass and vertical structure was analyzed using
the PDO and NPGO indices obtained from the websites
http://research.jisao.washington.edu/pdo/PDO.latest and http://www.oces.us/npgo/npgo.php.

RESULTS
CHL biomass and vertical structure nearshore and offshore

Interannual variations of CHLtt and Dcni nearshore and offshore generally demonstrated similar,
but inverse, features. Offshore, in the CalCOFI region, CHL:.t increased and Dcni shoaled from
the beginning of regular observations in 1984 to ~2006, followed by a decrease of CHL ot
starting in 2006 and a deepening of the Dcni starting in 2010 (Figure 2). On average, CHLot in the
CalCOFI region increased from 34 mg m2 in 1984 to 55 mg m in 2006 and then decreased to
43 mg m in 2015. The decrease since 2010 of CHL: was also observed in the central and
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southern coastal SCB (Figure 3C—F), where CHLot decreased from 75-170 mg m in 2010 to
45-59 mg m in 2015, but not in the northern SCB where values continued to increase, from 32
mg m2in 1998 to 110 mg m2 in 2015 (Figure 3B). No significant increase of CHLi before
2010 was observed in the central and southern regions (Figure 3C—F). Analyzing CHL:ot trends
nearshore, we must consider the difference between the methods of CHL biomass assessment
before and after 2009. The continuity in the time series of CHL:o in the northern and central SCB
suggests there may not be a bias from the methodological differences (Figure 3B, D). However,
in the southern region, the lack of continuity between datasets suggests it could be the reason for
the abrupt CHL:t increase between 2008 and 2010 (Figure 3F).
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Figure 2. Spatial distributions (A, C, E, G) and temporal variations (B, D, F, H) of first EOF modes
of integrated CHL (CHL:s), CHL center of mass depth (Dchi), the depth of nitracline Dnc and nitrate
concentration (NO3cn) at the Dcn depth in CalCOFI region. The percent of variance explained by
each mode is given at corner of the map. All time-series are smoothed using GAM-method
(dashed lines show the mean and the 0.95 confidence interval). Black lines indicate the periods of
significant (p<0.05) linear trends.
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Figure 3. Spatial distributions (A, C, E) and temporal variations (B, D, F) of first EOF modes of the
integrated CHL (CHL+) in northern (A, B), central (C, D), and southern (E, F) coastal regions
(POTW dataset). The percent of variance explained by each mode is given at corner of the map. All
time-series are smoothed using GAM-method (dashed lines show the mean and the 0.95
confidence interval). Black lines indicate the periods of significant (p<0.05) linear trend. Vertical
lines indicate the time (2009) when the method of CHL calculation was changed.



The deepening of Dcn after 2006-2010 observed offshore (Figure 2D) was also observed in all
three coastal regions (Figure 4). In the northern and central coastal regions, Dcn was 18-21 m in
2006-2011 and deepened to 22—-25 m in 2015 (Figure 4B, D), whereas in the southern region
Dcni deepened from 25 m in 2008-2011 to 36 m in 2015 (Figure 4F). In the CalCOFI region, Dcni
deepened from 36 m in 2010 to 48-50 m in 2015 (Figure 2D). Before 2010, significant
shallowing of the D¢ni was observed offshore and in the central coastal SCB (Figure 2D, 4D). In
the northern and southern SCB this trend was insignificant (Figure 4A, B, E, F), possibly due to
short period of observations. Spatial distribution of the first EOF mode of D¢ in the CalCOFI
region demonstrated higher variability offshore than nearshore (Figure 2C).
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Figure 4. Spatial distributions (A, C, E) and temporal variations (B, D, F) of first EOF modes of the
CHL center of mass depth (Dcni) in northern (A, B), central (C, D), and southern (E, F) coastal
regions (POTW dataset). The percent of variance explained by each mode is given at corner of the
map. All time-series are smoothed using GAM-method (dashed lines show the mean and the 0.95
confidence interval). Black lines indicate the periods of significant (p<0.05) linear trend.
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Relationship with nutrients

Patterns in subsurface chlorophyll were highly correlated with nutrient availability in the
offshore region (this could not be assessed from the nearshore POTW dataset). Changes in
CHLyot and Dcni during 1984-2010 covaried with the nitrate concentrations at the D¢ depth and
the depth of the nitracline (Figure 2). In the CalCOFI area, the depths of Dch and Dnc were
significantly positively correlated (R? = 0.70; d.f. = 5500; correlation based on all profiles where
Dcni and Dnc were detected), both demonstrating shallowing during 1984-2010 and deepening
around 1995 and after 2010. Furthermore, a gradual increase in nitrate concentration at the Dcni
during 1984-2010 (Figure 2H) also coincided with increasing CHL ot.

Relationship with the ocean physical environment

We investigated three metrics to characterize the relationship between the ocean physical
environment and spatial and temporal patterns in CHLtt and Dchi in the SCB: (1) water column
stratification regulating nutrient flux into the euphotic zone, represented by the metric Dq2s, (2)
horizontal advection of waters with different spiciness and nutrient content associated with large-
scale ocean circulation patterns (cold/fresh/“nutrient-rich” waters transported from the north vs.
warm/salty/“nutrient-poor” waters from the south), represented by the metric ms2s, and (3)
nutrient concentration in deeper waters, represented by the metric NO3ss.

Water column stratification, as interpreted through the isopycnal surface 25.0 kg m=, Dq2s
(Figure 5E-F, 6), covaried with observed patterns in CHLt and Dcni after 2010 but not before.
Ds25 was comparatively stable with two periods of deepening: about 1995-2000 (offshore) and
2010-2015 (all four datasets); D25 variations in the CalCOFI region were more pronounced
nearshore than offshore (Figure 5E). Both periods of deepening of the D25 coincided with
deepening of the D¢ (Figure 2B, 4) and the nitracline (Figure 2F), although only the recent
(2010-2015) deepening resulted in a decrease of CHLt (Figure 2B, 3D, F).
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of spiciness Ts25 (A, B) and nitrate concentration NO325 (C, D) at the depth of the 25.0 kg m3
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method (dashed lines show the mean and the 0.95 confidence interval). Black lines indicate the
periods of significant (p<0.05) linear trend.
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Figure 6. Spatial distributions (A, C, E) and temporal variations (B, D, F) of first EOF modes of the
depth of the 25.0 kg m=2isopycnal (De2s) in the northern (A, B), central (C, D) and southern (E, F)
coastal regions (POTW dataset). The percent of variance explained by each mode is given at
corner of the map. All time-series are smoothed using GAM-method (dashed lines show the mean
and the 0.95 confidence interval). Black lines indicate the periods of significant (p<0.05) linear
trend.
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Advection of waters of different origin, as interpreted through the metric spiciness, ms25, did not
seem to be associated with patterns in CHLtot and Dcni. Temporal variations of 725 offshore and
nearshore were similar (Figure 5A-B, 7), but there was no clear relationship between spiciness
and CHLiot and Dcni (cf. Figure 2B, D, 3, 4). In contrast to CHLtt and Dchi, ms25s demonstrated no
significant linear trends during the observed period. Neither the spiciness maximum that
occurred in 1997-1998 (associated with the strongest EI Nifio in the 20" century) nor the two
spiciness minima in 1993 and 2004 were associated with maxima in either CHLt and Dchi.
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Figure 7. Spatial distributions (A, C, E) and temporal variations (B, D, F) of first EOF modes of
spiciness at the depth of the 25.0 kg m= (Trs25) in the northern (A, B), central (C, D), and southern
(E, F) coastal regions (POTW dataset). The percent of variance explained by each mode is given at
corner of the map. All time-series are smoothed using GAM-method (dashed lines show the mean
and the 0.95 confidence interval). Black lines indicate the periods of significant (p<0.05) linear
trend.
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Nitrate concentrations measured at the isopycnal surface 25.0 kg m=, NO3c2s, demonstrated two
independent temporal patterns (Figure 5D). First, it was inversely correlated with spiciness,
confirming the idea that cold/fresh waters advected from the north are rich in nutrients in
contrast to warm/salty waters advected from the south. Similar temporal variations, however, are
not seen in the CHLwt and Dchi. Second, the nitrate concentrations at this depth (which was 10—
30 m nearshore and 50-70 m offshore) significantly increased from 1984 to 2005 (Figure 5D),
also observed as an increase in nitrate concentration at the depth of Dcni (Figure 2H).

DiscussION

The SCB, as a part of an eastern boundary current system, is strongly affected by seasonal
coastal upwelling and the California Current transporting productive waters from the Subarctic
Pacific [Hickey, 1979; Lynn and Simpson, 1987]. Others have noted that phytoplankton
productivity in eastern boundary systems results from a combined effect of large-scale
circulation and local factors [Carr and Kearns, 2003], and that multiple factors such as nutrient
concentration, light availability, and water mass mixing can affect phytoplankton distribution
[Patti et al., 2008; Messie and Chavez, 2015]. The concurrence of nearshore and offshore trends
in CHL biomass (CHLyt) and vertical structure (Dcni) and their association with water column
stratification (Ds25) and deep water nitrate concentrations suggest that nearshore subsurface CHL
patterns are strongly influenced by Pacific Basin scale climate events.

Increasing CHL concentrations and shallowing of D¢ in the SCB during most of the observed
period (1984-2010) appeared to be linked to a shallowing of the nitracline [Aksnes and Ohman,
2009; Bjorkstedt et al., 2011; McClatchie et al., 2016] and higher nitrate concentrations of deep
waters that source upwelling [Bjorkstedt et al., 2012; Bograd et al., 2015]. Deep ocean nutrients
are becoming enriched as a result of global changes related to ocean warming, including
decreased ventilation of the North Pacific, more intensive remineralization at depth, and longer
time for the water masses to accrue nitrate below the euphotic zone during their transits from the
subarctic to the subtropics [Rykaczewski and Dunne, 2010]. In the SCB the effect of warming is
different from the trends observed further offshore, where an increase in surface temperatures
and stratification suppress nutrient supply to the euphotic zone making them less productive
[Roemmich and McGowan, 1995; Sarmiento et al., 2004; Behrenfeld et al., 2006; Steinacher et
al., 2010; Polovina et al., 2011].

The patterns in CHLt and Dchi and the associated physical factors appear to be linked to PDO
and NPGO climatic cycles, which are forced responses of the ocean to atmospheric variability
generated by the El Nifio Southern Oscillation (ENSO) fluctuations in the Equatorial Pacific [Di
Lorenzo et al., 2013]. PDO and NPGO both drive upwelling, water transport, mixing, mesoscale
structure, and ecosystem dynamics in the northeastern Pacific [Mantua et al., 1997; Di Lorenzo
et al., 2009; Di Lorenzo et al., 2013; Kilduff et al., 2015]. The NPGO (defined as the second
mode of sea surface height anomalies) is associated with the strength of the central and eastern
parts of the North Pacific gyre, including the California Current [Di Lorenzo et al., 2008],
transporting productive ocean waters from the north. Previous studies demonstrated significant
correlation between the NPGO index and surface chlorophyll-a [Di Lorenzo et al., 2008] and
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nitrate concentration in the upper mixed layer [Di Lorenzo et al., 2009] averaged over the
CalCOFI domain. The PDO (the leading mode of sea surface temperature variability in North
Pacific) co-varies with different aspects of ocean ecosystems from Alaska to California,
including salmon production regimes, continental surface air temperatures, major costal river
flow, etc. [Mantua et al., 1997]. In the northeastern Pacific Ocean, the periods of positive
(“warm”) PDO phases are associated with an El Nifio-like increase of sea surface temperature,
deepening of the pycnocline, and a decrease of primary production; while negative (“cold”) PDO
has an opposite effect [Zhang et al., 1997; Chao et al., 2000; Wang et al., 2014]. The most
pronounced effects on the ocean ecosystem (often called “physical-biological regime shifts™)
have occurred when the PDO and NPGO show strong, simultaneous, and opposite sign reversals
[Di Lorenzo et al., 2008].

During 1984-2010, both climatic indices (seasonally adjusted and smoothed by the GAM
method) demonstrated small but significant trends (decreasing PDO and increasing NPGO)
overlaid by quasi-periodic decadal oscillations (Figure 8). In the SCB, both these trends are
associated with increased primary productivity. Starting in 2010, the PDO abruptly shifted from
a cold to a warm phase, which in the northeastern Pacific resulted in enhanced stratification and
a deepening of the upper mixed layer, thereby decreasing primary production, which we
observed in our dataset.
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Figure 8. Pacific Decadal Oscillation (PDO) and North Pacific Gyre Oscillation (NPGO) smoothed
by GAM-method (dashed lines show mean and 0.95 confidence interval). Black lines indicate the
periods of significant (p<0.05) linear trend.

The effect of increasing PDO and decreasing NPGO on CHL in 2010-2015 was stronger than
during a similar period around 1995, when the D¢ni and nitracline deepened (cf. Figure 2D, F) but
CHLyt remained unchanged (Figure 2B). This may be linked to the increased range of PDO and
NPGO fluctuations resulting from global warming [Sydeman et al., 2013]. Other consequences
of climate change in the study area may include the shoaling and strengthening of the California
Undercurrent [Meinvielle and Johnson, 2013], a recent warm temperature anomaly in
northeastern Pacific called “The Blob” [Bond et al., 2015; Di Lorenzo and Mantua, 2016], and
extremely dry weather in California starting 2011 with record drought in winter 2013/14.

The decrease of CHLt and deepening of D¢ni during 2010-2015 was not observed in the northern
coastal region of the SCB. Instead, CHLot in the northern region exhibited a weak, increasing
trend over the entire time series between 1998-2005 (Fig. 3B). The most likely reason for this
pattern is that this region, more than other parts of the SCB, is affected by advection of waters
upwelled off Point Conception [Hickey, 1993; Bray et al., 1999]. The trends of CHLt in the
upwelling zone are expected to be different from the central and southern parts of the SCB,
which look more similar to the open ocean because the SCB is sheltered from northerly
upwelling-generating winds by a coastal mountain range [Dorman and Winant, 1995]. In
contrast to the open ocean, the productivity of wind-generated coastal upwelling is expected to
continue increasing [Bakun, 1990; Bakun et al., 2010; Di Lorenzo, 2015].

This study demonstrated that climatic cycles in the North Pacific played a significant role in the
dynamics of phytoplankton biomass in the southern California coastal zone, although this
conclusion does not disregard local effect of anthropogenic nutrient inputs, which needs special
analysis based on regular monitoring and numerical modeling.
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