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Global analyses of satellite and modeled data suggest decreased phytoplankton

abundance and primary productivity in oligotrophic gyres as they expand in response

to increased surface temperatures, shoaling of surface mixed layers, and decreased

supply of subsurface macronutrients. However, analogous changes in the phytoplankton

have not been evident in situ at Hawaii Ocean Time-series (HOT) Station ALOHA

(22◦45′N, 158◦00′W), suggesting that physiological or structural reorganization not

observed from space, uncorrected sensor drift, or uncharacterized geographic variability

may be responsible for the apparent discrepancy. To address the latter, we compared

interannual patterns of in situ phytoplankton dynamics and mixed layer properties to

gyre extent and boundary location based on multiple definitions including dynamic

topography, a threshold of satellite surface chlorophyll (chl a) ≤0.07mg m−3, and

multivariate biophysical seascapes using modeled or satellite data. Secular increases

in gyre extent were apparent, although the rate of expansion was much slower than

previously reported, whereas strong interannual oscillations were evident for all definitions

of the gyre. Modeled and satellite-based multivariate seascapes agreed well in terms

of expansion (surface area of seascapes) and isolation of Station ALOHA (distance

to seascape boundary) resulting in a combined data record of nearly three decades.

Isolation was associated positively with the North Pacific Gyre Oscillation (NPGO), and

negatively with Multivariate ENSO Index (MEI), and Pacific Decadal Oscillation (PDO). The

converse was true for the gyre’s expansion. Expansion followed a shoaling and freshening

of the surface mixed layer and declines of in situ net primary production (PP) suggesting

that Station ALOHA may serve as an early indicator of gyre biogeographic patterns.

Lags between geographic indicators and in situ conditions appear to partially explain

past observed discrepancies between patterns from satellite remote sensing and those

from in situ conditions at Station ALOHA.
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INTRODUCTION

Covering over 20 million square kilometers, the North Pacific
Subtropical Gyre (NPSG) is the largest ecosystem on the planet
surface (Sverdrup et al., 1942; Karl, 2010). The permanently
stratified surface layer in this system restricts the vertical fluxes
of inorganic nutrients into the well-lit surface region, resulting
in low primary production (PP) and export of carbon to the deep
ocean. However, because of their size, open ocean regions like the
NPSG are responsible for substantial oceanic primary and export
production (Martin et al., 1987; Emerson et al., 1997). The debate
is ongoing, however, as to how these processes are changing in
response to longer term shifts in environmental forcing such as
changes in ocean chemistry (Dore et al., 2009) and temperature
(Karl et al., 2001; Corno et al., 2007; Saba et al., 2010). Accurate
estimation of global ocean production and export, therefore,
will require not only reliable estimation of NPSG ecosystem
processes (Karl, 2010) but also a detailed understanding of the
oceanographic context in which these processes are occurring,
including an accurate characterization of gyre geography and the
dynamics of gyre areal extent and boundary location.

Because of their immense size and age, oligotrophic gyres
have been considered historically to support pelagic ecosystems
in a climax state relatively resulting from stable environmental
forcing in space and time; however, they are now recognized to
display substantial spatial, seasonal, and interannual variability
(Venrick, 1995; Karl, 2010; Karl and Church, 2017). While
dominated by small phytoplankton and regenerated productivity
(Letelier et al., 1996; Li et al., 2011), relatively short-lived
perturbations in the NPSG contribute not only to momentary
increases in net primary productivity (NPP) but also to the
decoupling of autotrophic and heterotrophic processes and
subsequent export of particulate carbon. These include deep
vertical mixing events followed by water column restratification
(DiTullio and Laws, 1991) associated with the passage of cyclonic
eddies (Letelier et al., 2000; Wilson and Adamec, 2001), Rossby
waves (Sakamoto et al., 2004), and the breaking of internal waves.
On longer time scales, in situ PP and phytoplankton biomass
(as determined by chlorophyll chl a) in the NPSG, measured
during various programs such as CLIMAX and the Hawaii Ocean
Time-series (HOT) have increased over the past four decades
(Venrick et al., 1987; Karl et al., 2001; Corno et al., 2007). These
increases have been linked to a shift in the phase of the Pacific
Decadal Oscillation (PDO, Karl et al., 2001) or El Niño Southern
Oscillation (ENSO)/PDO interactions (Corno et al., 2007) and
resulting changes in stratification.

Station ALOHA (22.75◦N, 158◦W: A Long-term Oligotrophic
Habitat Assessment) is a benchmarkmonitoring site in the NPSG
where in situ sampling of ocean physical, biological, and chemical
parameters has occurred since 1988 (Karl, 2010). However, the
patterns of increased biomass and primary productivity found
in situ are contrary to synoptic patterns observed through
analyses of derived satellite products. Behrenfeld et al. (2006)
observed that global ocean net PP and phytoplankton biomass
(as defined by chl a) decreased from 1999 to 2006 in response
to increased water column stratification. Hypothesized as an
ecological response to an increase in the multivariate ENSO

index, the chl a trend was largely driven by changes in the
subtropical gyres. Both Polovina et al. (2008) and Irwin and
Oliver (2009) noted ENSO or PDO-associated increases in the
areal extent of the most oligotrophic water in subtropical gyres.
Finally, recent analyses of ocean color data from 1997 to 2010 and
1997 to 2013 suggest gradual, yet significant, decreases in surface
chl a in subjectively defined polygons that encompassed the
oligotrophic regions of the North Pacific as well as other basins
(Signorini and McClain, 2012; Signorini et al., 2015). Conversely,
Siegel et al. (2013) argue that the tropical/sub-tropical negative
correlation between satellite chl a and sea surface temperature
(SST) is primarily a physiological signal of variable chl a to
carbon (C) ratio rather than a phytoplankton biomass signal,
likely associated with photoacclimation (Letelier et al., 1993,
2017;Winn et al., 1993). While some analyses of long-term in situ
data support the trend toward oligotrophy found in early large-
scale studies (Boyce et al., 2010, 2011, 2014), the majority of in
situ time series do not (Chavez et al., 2011; McQuatters-Gollop
et al., 2011).

Contrary findings between gyre-scale and in situ analyses,
attribution of change to differing climate modes, and the
variations in the shape and extent of the gyre suggest that regional
oceanographic context needs to be considered when examining
the role of interannual variability and secular trends on large
scale shifts in the subtropical gyres (e.g., Hammond et al., 2017).
One such regional approach considers the temporal patterns of
features as a composite of biophysical interactions (Oliver and
Irwin, 2008; Kavanaugh et al., 2014b, 2016). Seasonally evolving
satellite-derived seascapes describe regional variability in the
North Pacific with differences in biogeochemical interactions
(Kavanaugh et al., 2014b), and community structure (Kavanaugh
et al., 2014a). Here, we use interannual varying seascapes to
further our understanding of subtropical gyre dynamics and
compare seascape variability relative to circulation-based or low-
level chl a-based definitions of the gyre. We hypothesized that
year-to-year variability in the size of the subtropical gyre and
location of the gyre boundary is reflected in the patterns of
phytoplankton abundance and productivity at Station ALOHA.
The location of Station ALOHA is highlighted, with trends
and oscillations of seascape area and isolation compared across
definitions and analyzed in concert with in situ patterns.
Specifically, we address the following questions:

1. What are the interannual trends across different metrics of
gyre expansion?

2. To what degree are variations in subtropical seascape
geography related to interannual to decadal climate modes?

3. Finally, how do variations in seascape geography relate to
the interannual patterns of phytoplankton abundance and
primary productivity observed at Station ALOHA?

METHODS

Oligotrophic Chl a Gyre Extent
Area of the extent of highly oligotrophic gyre (a threshold
defined as chl a ≤ 0.07mg m−3; Polovina et al., 2008, hereafter
oligotrophic threshold chl a) was calculated from monthly
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SeaWiFS (R2017, completed January 2018) and Aqua-MODIS
(R2017, completed December 2017) satellite ocean color derived
chl a (Figure 1A). The SeaWiFS data record extends from
autumn of 1997–2010 albeit with episodic gaps during 2008–2010
due to periodic sensor malfunction. Reprocessing (Franz et al.,
2007; Franz, 2009) has removed much of the drift in the SeaWiFS
and Aqua-MODIS instruments. Data were merged by comparing
the per pixel seasonal cycle of SeaWiFS to that of MODIS-Aqua
from 2003 to 2007, and then applying a seasonal correction to
the historical SeaWiFS record. Merged data include seasonally
adjusted SeaWiFS data until July of 2002, after which MODIS-
Aqua data were used to December 2016. We also compared the
trends between the OCI algorithm (Hu et al., 2012) to that of the
previously standard OC3/OC4 (OCX) algorithms for SeaWiFS
and MODIS-Aqua. The OCI algorithm is more accurate for [chl
a] <0.2mg m−3, converges with the OCX values above 0.2mg
m−3, and has been the standardNASA chl a algorithm since 2014.

Circulation-Based Gyre Extent and Eddy
Kinetic Energy
Near daily, gridded sea level anomalies (SLA) and absolute
dynamic topography (ADT) fields derived from satellite altimetry
were downloaded from AVISO (https://www.aviso.altimetry.
fr/en/data/products.html). Eddy kinetic energy (EKE) was
calculated from the near daily fields:

EKE (m2 s−2) = 0.5× [u2 + v2] (1)

where u and v are the zonal and meridional velocities calculated
from sea surface height anomalies. Monthly means of each field
were calculated.

Because the determination of extent of features estimated
from geostrophic flow lines can be confounded by the
effect of steric sea level rise on ADT (Gille, 2014), we
downloaded steric sea level anomalies (Levitus et al., 2012)
for the upper 2,000m from NOAA’s National Center for
Environmental Information (https://www.nodc.noaa.gov/OC5/
3M_HEAT_CONTENT/index.html), and calculated the trend in
steric sea-level rise from 1993 to 2015 on a per pixel basis.
Dynamic height was adjusted by subtracting the interpolated
steric sea-level trend from the monthly satellite dynamic height
field. The gyre was then classified as the region contained
within closing contours of original ADT and adjusted ADT
(ADT_adj) at 1.05m, the minimum height at which the contour
lines recirculated (closed) completely to the western boundary
(Figure 1B).

Seascape Classification
Seascapes were classified from Level 3 9-km merged chl a
(described above), PAR, and SST from the Advanced Very High
Resolution Radiometer (AVHRR) and MODIS-Aqua. Similar to
chl a, monthly averages of PAR and SST were computed from
the combined SeaWiFS and MODIS product; all three variables
were binned to 1 degree to match model output. Model output
of SST, PAR, and surface chl a from 1985 to 2005 were taken
from the Biogeochemical Element Cycling Model embedded

FIGURE 1 | Extent of the North Pacific Subtropical Gyre (NPSG) for June of 2003, showing (A) oligotrophic threshold (≤0.07mg m−3) satellite ocean color derived

surface chlorophyll, chl a; (B) geostrophic recirculation defined by the 1.05m absolute dynamic height relative to the geoid; and multivariate seascapes classified from

(C) CESM-BEC model output and (D) satellite data. Dark blue, subtropical seascape; light blue, oligotrophic boundary seascape; green, transition seascape; yellow,

subarctic seascape. Arrow in (D) shows distance between Station ALOHA (white circle) and the boundary of the subtropical seascape.
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in the Community Earth System Model (CESM-BEC, Doney
et al., 2009; Moore et al., 2013). Surface chl a concentration is
sensitive to mixed layer depth in the subtropics (e.g., Letelier
et al., 1996; Siegel et al., 2013); thus we chose the CESM-BEC
because of its inclusion of photoacclimation. While this does not
isolate the effect of photoacclimation, it assures that modeled
chl a and satellite chl a are responding similarly to physical
forcing, reflecting the phytoplankton physiological responses
observed at StationALOHA.All data sets were standardized prior
to classification. Satellite and model seascapes were classified
separately (Figures 1C,D).

Climatological seasonal means of PAR, SST, and chl a
were defined for both data sets from 2003 to 2007. We
used a probabilistic self-organizing mapping algorithm (PrSOM,
Anouar et al., 1998) to reduce the 3-variable (SSTx,y,m, PARx,y,
chl a x,y,m) spatiotemporal data set onto a 15× 15 neuronal map
resulting in 225 classes, each with its own 3-Dweight based on the
maximum likelihood estimation (3-DMLEs). The neural net size
(15× 15 nodes) was chosen to maximize sensitivity to mesoscale
processes while preventing underpopulated nodes (defined as
<500 pixels). The 3-D MLEs were then further reduced using a
hierarchical agglomerative clustering (HAC) with Ward linkages
(Ward, 1963). This linkage method uses combinatorial, Euclidian
distances that conserve the original data space with sequential
linkages (McCune et al., 2002). Euclidian distances here are
equivalent to within-group and total sum of squares.

Previously, we found that eight seascapes classified from
seasonal climatologies of satellite-derived SST, chl a, and PAR
represented seasonal shifts in biogeochemical patterns and
planktonic assemblages (Kavanaugh et al., 2014a,b). Here, we
followed themethodology of Kavanaugh et al. (2014b), with three
exceptions. First, the seasonal variability of PAR was removed
on a per-pixel basis to minimize discontinuities associated with
the spring and fall transitions, with interannual and spatial
variability remaining. Second, stepwise agglomerations were
conducted using the Ward method until four seascapes for each
of the model and satellite data sets were defined: a subtropical
seascape, oligotrophic transition, a mesotrophic transition, and a
subarctic seascape. These four regions bear the spatial signature
of analogous seasonally evolving regions classified previously
(Kavanaugh et al., 2014b) and represent a trade-off between
variance explained in both the satellite and model records,
and spatial match-up between satellite and modeled seascapes
(Figure S1). Finally, once the seasonal and spatial vectors were
classified, the means, variances and covariances within seascapes
informed a multivariate Gaussian mixture model (GMM). Class
assignments of individual months were then determined by
their maximum posterior probabilities. New classes were then
predicted from the CESM and satellite GMMs using the monthly
means of chl a, SST, and PAR of the respective model and satellite
time series.

Geographic Metrics
We focus on the dynamics of the subtropical seascape
and the boundary between the subtropical and oligotrophic
transition seascape. Total area of oligotrophy, recirculation, and
multivariate subtropical seascape was assigned based on the

sum of the area of all pixels within the appropriate contour
or identified seascape in the North Pacific. Surface area of
each pixel was calculated by correcting for the spheroid-effect
on distance between lines of longitude. For each time step,
the distance from Station ALOHA to the subtropical seascape
boundary was also calculated using the mean of the 5th quantile
of all boundary distances in a quadrant 45◦ on either side of
due NE from Station ALOHA Figure 1D); encroachment of less
oligotrophic waters from the NE was most common. When the
oligotrophic boundary encroached beyond (south and or east of)
Station ALOHA, the distance values were negative. All area-based
analyses were truncated at 10◦N to minimize the effect of the
equatorial upwelling region.

To understand the role of mesoscale variability on basin-
scale geography, we examined the relationship between mean
EKE and the difference in extent between the gyre defined by
circulation and that defined by oligotrophy (see above). Pixels
were categorized as belonging in (1) both the oligotrophic and
physical gyres, (2) only in the physical gyre, or (3) only in the
oligotrophic gyre. The mean EKE was calculated over the pixels
for each of the three aforementioned groups.

Climatic Indices
To infer the effect of climatic forcing on the interannual
dynamics of gyre geography, three different indices were used.
The multivariate El Niño Southern Oscillation Index (MEI) is
computed from a principal component analysis (PCA) of six
variables including sea level pressure, zonal and meridional wind
components, cloudiness, and sea surface and air temperatures
(Wolter and Timlin, 1993). These data are available from
NOAA (http://www.esrl.noaa.gov/psd/enso/mei/). The North
Pacific Gyre Oscillation (NPGO, Di Lorenzo et al., 2008; http://
www.o3d.org/npgo/) is the second dominant mode calculated
from North Pacific sea surface height anomalies and is associated
with accelerated North Pacific, Alaska, and California Currents
(Chavez et al., 2011). The Pacific Decadal Oscillation (PDO,
Mantua et al., 1997; Zhang et al., 1997) is associated with the
dominant mode of North Pacific SST anomalies and the data
are available from the University of Washington (http://jisao.
washington.edu/pdo/).

Station ALOHA Data
In situ NPP, Total chl a (Tchl a, the sum of divinyl and
monovinyl chl a), and in situ physical patterns in the subtropical
North Pacific were assessed using archived data from Station
ALOHA (http://hahana.soest.hawaii.edu/hot/hot-dogs/interface.
html). Net PP was determined by daytime incubation in bottles
spiked with 14C bicarbonate incubated in situ to maintain
natural light and temperature (Letelier et al., 1996). Chl a
and photosynthetic accessory pigments were measured by
high performance liquid chromatography (HPLC) according to
Wright et al. (1991). Mean pigment concentrations and NPP
patterns were quantified separately for the light-saturated surface
(0–45m) and light-limited region of the euphotic zone that
contained the deep chlorophyll maximum (DCM, 75–150m).
Potential temperature and bottle salinity were also recorded
for the upper 45m. Mixed layer depth was calculated using

Frontiers in Marine Science | www.frontiersin.org 4 April 2018 | Volume 5 | Article 130

http://www.esrl.noaa.gov/psd/enso/mei/
http://www.o3d.org/npgo/
http://www.o3d.org/npgo/
http://jisao.washington.edu/pdo/
http://jisao.washington.edu/pdo/
http://hahana.soest.hawaii.edu/hot/hot-dogs/interface.html
http://hahana.soest.hawaii.edu/hot/hot-dogs/interface.html
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Kavanaugh et al. Aloha From the Edge

a potential density gradient threshold of 0.005 kg m−4 and a
potential density offset of 0.125 kg m−3 from the surface (Karl
and Lukas, 1996).

Statistical Analysis
Cross correlation analyses were conducted to determine the
correlations between climate and geographic metrics, the
relationship between seascape dynamics and in situ conditions
at Station ALOHA, and the time scales or lags at which
the correlation was strongest. Cross correlation analysis was
also conducted to determine the effect of EKE on spatial
mismatch between geographic metrics. Prior to analysis, monthly
climatological means were calculated by removing outliers
(exceeding ± 3 standard deviations), then missing in situ
data were interpolated using a 3-month LOESS filter to
minimize the effect of within-year data density on interannual
trends. Then, anomalies for each time series were calculated
by subtracting the monthly climatological mean, calculated
from the smoothed data, and then smoothing with a 12-
month LOESS filter prior to correlation analysis. Statistical
significance of correlation coefficients were determined using a
critical value which adjusted degrees of freedom to account for
autocorrelation in covariance (Glover et al., 2011). Correlations
that exceeded this value are considered significant (p <

0.05).
Trends over time were adjusted to account for the effect of

climate oscillations. We conducted a PCA across the NPGO,
PDO, and MEI indices; multiple linear regression was conducted
using the PCA scores as predictors and individual seasonally-
detrended anomalies as responses. Trends were then a result of a
simple linear fit to the residuals of the multiple linear regression
model.

RESULTS

Climate Variability
From 1985 to 2016, three to four cycles of the NPGO, MEI, and
PDO were evident (Figure 2). In the early part of the record
(1985–1998), the PDO and MEI were out of phase but moved
into phase following the 1997–1998 El Niño and subsequent
La Niña, remaining in phase for the rest of the data record
(r = 0.6, p < 0.001). Throughout our study period, the NPGO
was anticorrelated (r = −0.5, p < 0.001) with the other two
indices, but also led the PDO and MEI by 5 and 8 months,
respectively (Figure S2). Thus, any secular trend reported is that
which remains after accounting for the effect of oscillations in the
sign and magnitude of the climate indicators.

Expansion and Isolation Trends and Drivers
Patterns and trends among the different gyre geographic metrics
varied and were associated with different climate forcing. The
area of low-level chl a was dependent on algorithm, with the
lower sensitivity of the OCX resulting in a larger expanse of
oligotrophy (Figure 3A, Table 1). Large interannual oscillations
were evident, with any linear trend being highly dependent
on record length (Table S1). From 1998 to 2016, expansion of
the area of low-level chl a occurred at a rate of 0.36% year−1

(Table 1). Seasonal and interannual oscillations as well as weak
increases (0.5% per year) in the physical extent of the gyre
were evident from the altimetry-based time series (Figure 3B,
Table 1). Trends were weaker in data adjusted for steric sea-
level changes than those unadjusted for absolute dynamic height
(ADT_adj and ADT, respectively, Table S1). As with the extent
of oligotrophy, presence or magnitude of a trend depended on
the length of the time series, with no trend evident from 1998
to 2006 (Figure 3B, Table S1), despite the strong ENSO signal
during that span. Because modeled and satellite seascapes were
highly correlated and in phase for both indices (Figures S1B,C;
expansion: r = 0.64, p < 0.05; isolation r = 0.76, p < 0.05),
the data records were combined and a single index of expansion
or isolation was used that spanned the entire data record
(1985–2016). There was evidence of slight expansion of the
subtropical seascape from 1985 to 2016 (Table 1). Isolation
distance also varied from year to year, although aseasonal,
within-year variability was higher relative to the other metrics
(Figure 3D). A linear trend was evident from 1985 to 2016 (but
not over a shorter duration), with isolation distance increasing by
0.9% per year (Table 1).

Gyre extent, defined by oligotrophic threshold chl a, was
positively correlated to the MEI, with positive MEI preceding
expansion of low-level chl a area by 6–12 months (Figure 4A).
The areal extent of recirculation was positively correlated with
the NPGO and strongly negatively correlated with the PDO
and MEI (Figure 4B). Similar to the area of low-level chl a,
the subtropical seascape was strongly correlated to the MEI and
was also related to the PDO (Figure 4C), whereas the isolation
of Station ALOHA within the subtropical gyre was positively
correlated with the NPGO and negatively correlated with the
MEI and PDO (Figure 4D). While covering a much larger area,
areal extent of multivariate seascapes was weakly correlated to
that of threshold chl a patterns, (Figure S3A: r = 0.24, p < 0.05);
however, patterns preceded the chl-only index by approximately
7 months. Multivariate seascape expansion was anti-correlated to
both the dynamic topography extent described above (r=−0.48,
p < 0.05), and the distance of Station ALOHA to the edge of the
subtropical seascape (Figure S3B: r =−0.36, p < 0.05). Isolation
distance was positively correlated to gyre extent as measured by
geostrophy (r = 0.33, p < 0.05), with isolation shifts preceding
that of gyre extent also by 7 months. Isolation was not correlated
to the low-level chl ametric.

The NPSG is most contracted in winter and at its
greatest extent in September for both definitions of the gyre
(Figures 5A,B). The northern winter boundary of the physical
gyre exceeds that of low-level chl a, and the summer eastern
boundary extends less than the low-level chl-a. However,
on interannual scales, the physical extent and low-level chl
a-based extent were anti-correlated, due to different climate
forcing. The physical extent is strongly positively correlated
with the NPGO, whereas the extent of low-level chl a is
positively correlated with the PDO and MEI. Increased EKE
resulted in expansion of the areal extent of oligotrophic-
threshold chl a. The result is that off of the Kuroshio, the
spatial mismatch between the two definitions is minimized
with increased EKE between their boundaries (Figure 5C),
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FIGURE 2 | Time series of climate indices including (a) the North Pacific Gyre Oscillation, NPGO; (b) the Multivariate ENSO Index, MEI; and (c) the Pacific Decadal

Oscillation, PDO. Data sources are included in Methods. All series were smoothed using a 12-month LOESS filter.

FIGURE 3 | Temporal trends of North Pacific subtropical gyre dynamic geography indices showing (A) areal extent calculated from oligotrophic threshold chl a across

different satellite ocean color algorithms; (B) areal extent (expansion/contraction) calculated from satellite altimetry derived dynamic topography with and without

adjustment for steric sea-level rise; (C) merged model and satellite seascape extent; (D) distance of Station ALOHA to the edge of the merged modeled and satellite

subtropical seascape (isolation). All series were smoothed using a 12-month LOESS filter. Trends calculated over various durations are reported in Table 1 and

Table S1.

where instabilities associated with the Kuroshio extension
appeared to blend the physical and chl a-based boundaries.
On the eastern and southern edge, the spatial mismatch
increases with increased EKE (Figure 5D), where expanded
oligotrophy is associated with greater EKE, particularly in
summer.

In Situ Trends
Local SST averaged over the upper 45m at Station ALOHA
exhibited strong oscillations in response to changing climate
forcing over the data record, with warmer temperatures
associated with positive ENSO and PDO and negative NPGO
(Figure 6A, Figure S4). While there was a significant linear
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TABLE 1 | Secular trends across geographic metrics, chl a algorithms, and in situ characteristics at Station ALOHA.

Algorithm Span Span mean Trend (year−1) Trend (SE) % change year−1 R2 p-Value

AREA METRICS (km2)

ocx: chl a ≤0.07mg m−3 1998–2016 2.23E+007 4.87E+04 1.39E+04 0.220 0.05 <0.001

oci: chl a ≤ 0.07mg m−3 1998–2016 1.95E+007 7.00E+04 1.36E+04 0.360 0.11 <0.001

ADT_adj 1993–2016 1.76E+007 8.66E+04 1.11E+04 0.491 0.42 <0.001

ADT_adj 1998–2016 1.76E+007 8.48E+04 1.08E+04 0.481 0.27 <0.001

Subtropical Seascape 1985–2016 2.32E+007 1.64+04 6.03E+03 0.071 0.02 <0.01

DISTANCE METRICS (km)

Station ALOHA to SS edge 1985–2016 3.28E+02 3.20E+00 8.90E-01 0.970 0.04 <0.001

STATION ALOHA

SST (◦C) 1989–2016 24.8 0.013 0.004 0.052 0.04 <0.01

SSS (psu) 1989–2016 35.1 0.008 0.001 0.023 0.14 <0.001

MLD (surface offset, m) 1989–2016 58.7 0.29 0.13 0.494 0.02 0.02

MLD (gradient threshold, m) 1989–2016 32.5 0.14 0.11 0.431 0 0.2

[chl a]: 0–45m (mg chl a m−3) 1989–2016 0.09 0 0 0.000 0 0.72

[chl a]: 75–150m (mg chl a m −3) 1989–2016 0.17 0.001 0.0002 0.588 0.06 <0.001

NPP: 0–45m (mg C m−3 d−1) 1989–2016 6.07 0.053 0.01 0.873 0.08 <0.001

NPP: 75–150m (mg C m−3 d−1) 1989–2016 1.13 0.045 0.004 3.982 0.34 <0.001

NPP: Int to150m (mg C m−2 d−1) 1989–2016 513 5.63 0.85 1.097 0.18 <0.001

Italicized values denote no significant trend over the duration measured. Signatures of the NPGO, PDO, and MEI have been removed from each time series prior to analysis (see section

Methods).

FIGURE 4 | Lagged correlations between climate indices and dynamic geography indices of the North Pacific Subtropical Gyre. Where lag is negative, climate index

leads geographic metric; the converse is true for positive lags. Correlations are significant when they exceed the critical value (dotted red lines). (A) Gyre area defined

by chl a ≤ 0.07mg m−3. (B) Gyre area defined by closing contour of dynamic height (1.05m). (C) Gyre area defined by the extent of the multivariate subtropical

seascape. (D) Distance from Station ALOHA to the edge of the subtropical seascape.
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FIGURE 5 | Drivers of spatiotemporal differences in gyre extent based on dynamic height and oligotrophic threshold chl a. (A) Extent of gyre in February 2003

showing topographic (red) and pigment (blue)- based extents and region of overlap (green). (B) Same as (A), but for September 2003. (C) Cross correlation of mean

eddy kinetic energy (EKE) in region represented solely by the physical definition with areal extent of that region. (D) Same as (C), but in extents solely represented by

oligotrophic threshold chl a.

trend from 1989 to 2016 (Table 1: 0.010 ± 0.004◦C year−1,
p < 0.01), it was very weak (R2 = 0.04). Sea surface salinity
exhibited large oscillations in the opposite direction of SST
and also a relatively strong increasing trend over the data
record (0.008 ± 0.001 psu year−1, p < 0.001, R2 = 0.18;
Figure 6B). Mixed layer depth had large interannual variability
over the data record, but also oscillated in response to changing
surface salinity and temperature. A weak linear increase was
apparent over the data record for mixed layer calculated via
the surface offset method (0.29 ± 0.13m year−1, p = 0.02,
R2 = 0.02; Figure 6D), although none was apparent with the
mixed layer depth calculated via the gradient method (Figure 6C,
Table 1).

With the exception of isolated events (e.g., early 2001),
seasonal patterns of T-chl a in the surface and at depth were out of
phase (Figure 7A). Concentrations in the light-limited euphotic
zone were approximately double that of the surface, and also
increased over the data record (Table 1: 0.001 ± 0.0002mg chl
a m−3 year−1, p < 0.001, R2 = 0.08). No analogous trend was
evident in surface chlorophyll.

NPP increased over the data record in both the surface and
at depth (Figure 7B, Table 1). Mean rates in the surface were
∼4x higher than that in the 75–150m depth bin (Table 1: 5–7mg
C m−3 d−1 vs. 1–2mg C m−3 d−1). However, the relative rate
of increase in NPP over time was stronger in the light limited
euphotic zone vs. the surface (Table 1: surface∼1% year−1, trend
= 0.053 ± 0.010mg C m−3 d−1year−1, p < 0.001, R2 = 0.09; At
depth∼3% year−1, trend= 0.045± 0.004mg C m−3 d−1year−1,

p < 0.001, R2 = 0.34). Together, these trends contributed to a
relatively strong linear increase in NPP integrated over 150m
(Figure 7C, 5.63 ± 0.85mg C m−2 d−1year−1, p < 0.001, R2 =
0.18). Oscillations were also evident in both chl a and NPP time
series.

Correlation of Seascape Geography With in

Situ Physics and Biology
Increased mixed layer depth followed isolation of Station
ALOHA (Figure 8A, r = 0.32, p < 0.05) and preceded a
contracted subtropical seascape (Figure 8B, r = −0.32, p <

0.05) by ∼6 months. Salinity was positively associated with
isolation but at longer lags (r = 0.28–0.32, lags > 20 months)
and negatively associated with, but preceding expansion of
the subtropical seascape (r = −0.35, p < 0.05, ∼1year). SST
was positively associated with subtropical seascape expansion
(Figure 8B), but preceded expansion by ∼1 year (r = 0.3, p <

0.05). These patterns generally followed what would be expected
by the climate forcing of geography (Figure 4, Figure S4) with
SST at Station ALOHA positively correlated with the PDO and
MEI (and negatively with the NPGO), and surface salinity and
mixed layer depth positively correlated with the NPGO (and
negatively correlated with the PDO and MEI) (Figure S4). Time
lags and wavelengths were much longer and broader when
considering climate indices directly, rather than their geographic
signatures.

Station ALOHA T chl a and NPP were also correlated to
gyre geography following local physical forcing. Isolation was
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FIGURE 6 | In situ surface conditions at Station ALOHA showing anomalies

for (A) sea surface temperature (SST); (B) sea surface salinity; (C) mixed layer

depth as defined by a vertical gradient threshold of 0.005 kg m−3 m−1 for

potential density and (D) mixed layer depth as defined by a density surface

offset of 0.125 kg m−3.

associated with increased chl a in the surface (Figure 8C, r
= 0.32, p < 0.05), and increased surface and integrated NPP
(Figure 8E, r = 0.32 to 0.4, p < 0.05) followed isolation by ∼5
months. Decreased Tchl a at depth was strongly associated with
expansion of the subtropical seascape (Figure 8D: r = −0.41,
p < 0.05) as was decreased NPP throughout the water column
(Figure 8F: r =−0.28 to−0.39, p < 0.05).

DISCUSSION

Where satellite metrics have suggested that oligotrophic systems
such as the NPSG will expand in response to warming
oceans (Behrenfeld et al., 2006; Polovina et al., 2008; Irwin
and Oliver, 2009), analogous changes have not been evident
at Station ALOHA (Corno et al., 2007) or the Bermuda
Atlantic Time-series Station BATS in the subtropical North
Atlantic (Lomas et al., 2010). This suggests that there may be
physiological or structural reorganization not observed from
space, uncharacterized spatiotemporal variability, or satellite
sensor drift. We examined the geographic dynamics of the
NPSG, the role of climate forcing on those dynamics, and
the relationships between shifting gyre geography and local
in situ conditions at the long-term time-series station, Station
ALOHA over a 31-year data record. While weak secular
trends in the expansion of different metrics of the subtropical

FIGURE 7 | Phytoplankton dynamics at Station ALOHA showing anomalies

for (A) T chl a in the surface and deep chlorophyll maximum, DCM, (B) Net

primary productivity in the surface (0–45m) and depth (75–150m) as

calculated from daytime incubations, and (C) vertically integrated NPP from 0

to 150m.

gyre were evident, they were dominated by large oscillations,
correlated with changes in ENSO and PDO conditions as
well as the NPGO. With oscillations, we observe that in situ
biophysical conditions at Station ALOHA are congruent to what
would be predicted during periods of expanded oligotrophy
via an expanded subtropical seascape including warmer SST
and declines in T chl a and NPP. We also observe that
conditions at Station ALOHA shift prior to multivariate seascape
expansion, suggesting that StationALOHAmay serve as a leading
indicator for changes throughout the North Pacific subtropical
region.

The location of Station ALOHA at the edge of the subtropics
(this study) and other pivot points of climate forcing (Chavez
et al., 2011; Messié and Chavez, 2011) may result in different
climate effects depending on the interaction of multiple climate
modes. During positive ENSO phases, water column stabilization
restricts upward mixing of new nitrate and selects for organisms
that can fix atmospheric nitrogen (Karl et al., 1995, 2001;
Campbell et al., 1997). During positive PDO, the Aleutian
Low is further south and leads to a southern anomaly in the
transition zone chlorophyll front and potentially higher than
average primary productivity in the subtropics (Chai et al., 2003).
Positive NPGO periods are associated with more northward
Aleutian Lows (Chavez et al., 2011) along with stronger North
Pacific and California currents, higher pressure and deeper
thermocline depths at the center of the subtropics (Di Lorenzo
et al., 2008, 2009), potentially leading to decreased access to
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FIGURE 8 | Correlation between in situ biophysical variables at Station ALOHA and isolation of Station ALOHA (DIST) and expansion of subtropical seascape (AREA).

(A,B) SST, mixed layer depth, and salinity; (C,D) Tchl a in the surface and DCM; (E,F) NPP in surface, DCM, and integrated over the upper 150m. Geographic metrics

lead biophysical variables when lag is negative.

deep nutrients in the interior of the gyre. However we found
that positive phases of the NPGO were associated with increased
mixed layer depth, salinity, and isolation of Station ALOHA
which preceded increased T chl a and NPP. Conversely, the
subtropical seascape (as well as the extent of oligotrophy defined
solely by the threshold chl a) were associated with positive phases
of the MEI and PDO, a shoaling and freshening mixed layer,
and declines in T chl a and NPP at Station ALOHA. Thus while
a stronger gyre may result in decreased access to nutrients at
the center of the gyre (Di Lorenzo et al., 2008), the positive
NPGO may result in increased access to nutrients at the edge.
Furthermore, changes of biological and physical properties at

Station ALOHA tend to precede expansion by a few months.
Thus, despite its location on the northeastern edge of the NPSG,
or perhaps because of it, the time-series station provides an
early indication of biogeographic conditions of the gyre as a
whole.

The expansion of the topography-defined gyre positively
correlated with the NPGO, and negatively correlated with MEI,
PDO, and the gyre defined by the 0.07mg chl a m−3 threshold.
Isolation of Station ALOHA (the distance to the NE boundary
of the most oligotrophic seascape) also was related to the NPGO
(was positively correlated but led geostrophic expansion by 7
months) and exhibited a weak trend toward increased isolation
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over the duration of the study. During positive NPGO conditions,
transport through the North Pacific and California currents is
stronger (Di Lorenzo et al., 2008), and meanders of the southern
edge of the North Pacific Current-California current bifurcation
may be reduced leading to the associated increase in isolation of
Station ALOHA within the northeast corner of the subtropical
seascape.

Eddy kinetic energy appears to expand the geographic
signature of oligotrophy, resulting in a temporal mismatch
between the gyre defined by low-level chl a and dynamic
topography. While this suggests that the net effect of mesoscale
processes on chl a (extent of oligotrophy) is negative (expansive),
the observed effect of eddies on phytoplankton biomass
and NPP near Station ALOHA are mixed. Upwelling within
cyclonic eddies have also been purported to change community
structure (Bidigare et al., 2003), primary and new production
(Vaillancourt et al., 2003). Anticyclonic eddies can result in
increased nitrogen fixation (Fong et al., 2008; Church et al.,
2009) which is responsible for over 40% of the new/export
production at HOT. Finally, regions between anticyclonic
and cyclonic eddies have also been shown to have increased
PP and particulate organic carbon flux (Guidi et al., 2012).
Sea surface height variation in general, has been found to
affect the location and species composition in the DCM,
with a shallower DCM with higher abundance of larger
eukaryotic phytoplankton occurring with lower SSH (Barone
et al., in review). Future studies could use existing databases
to investigate the relative frequency of eddies (e.g., Chelton
et al., 2011) in the NPSG during different climate modes,
and determine whether changes in frequency are accompanied
by changes in nitrogen fixation, NPP, and export at Station
ALOHA.

Secular increases in the gyre geographical extent are weak,
but evident within all four geographic indices. Limited by
the satellite record at the time of publication, Polovina et al.
(2008) reported increases in the areal extent of oligotrophic
threshold chl a in the North Pacific at a rate of 2.2% per year
from 1998 to 2007. Irwin and Oliver (2009) reported general
increases through time in the most oligotrophic provinces
in their classification, with oscillatory behavior found across
all oligotrophic provinces. Using a longer record and linear
regression analyses, Signorini et al. (2015) found mostly secular
declines in surface chl a over large, subjectively chosen
regions, but also discussed the influence of mixed layer depth
changes and subsequent photoacclimation on chl a in the
subtropics. In our re-analysis of geographic trends in the
North Pacific using the latest processing of MODIS and
SeaWiFS, we observe ENSO- and PDO-influenced oscillations
of areal extent of regions with chl a <0.07mg m−3 over a
weak secular trend (Figure 3A, Table 1); however, we derive
much slower rates of expansion than previously reported.
Reprocessing and subsequent lowering of blue water chl a
concentrations in the early SeaWiFS record (https://oceancolor.
gsfc.nasa.gov/reprocessing/r2014/seawifs/) may be one reason
for this discrepancy in expansion rate (2–1.1%). However, the chl
a algorithm used (a decline of 1.1–0.7% year−1) and a data record
length that could account for climate oscillations (a decline

from 0.7 to 0.4% year−1) may contribute to a greater extent.
Nevertheless, the gyre as defined by dynamic topography also
appears to be expanding, and relatedly, increasing the isolation
of Station ALOHA. Physical gyre expansion was fastest prior to
1998, but appeared to increase throughout the altimetry record
even with adjustments made for steric sea level rise (e.g., Gille,
2014). Note that surface topography in our analysis has not been
corrected for interannual variability in atmospheric pressure;
for this reason our reported trends based on SSH must be
viewed as preliminary. Finally, we see no secular trend, but
strong oscillations and correlation with both ENSO and PDO
were apparent with the extent of the multivariate subtropical
seascape (Figures 3C, 4C), where chl a dynamics may have
been balanced in the classification by SST and spatial light
variability. The latter result is in agreement with Behrenfeld
et al. (2016), who found large oscillations in surface chl a
concentrations in the subtropical gyres after accounting for the
effect of photoacclimation.

After accounting for climate oscillations in the in situ data
record at Station ALOHA, we observed that SST, salinity, and
mixed layer depth (but only as defined by the surface offset
method) were weakly increasing over 1989–2016. Concomitant
to geographic and physical trends, we also confirm the increase
of primary production, as well as phytoplankton standing stock
derived from chl a in the euphotic zone, throughout the data
record at Station ALOHA, as previously reported by Corno
et al. (2007) and Karl and Church (2017). It is unclear whether
long-term trends in T chl a and NPP are associated with
changes in nutrient inputs (Luo et al., 2012; Letelier et al.,
in preparation), community structure, and or increased efficiency
of photosynthesis, particularly in the DCM (Letelier et al.,
2017).

While lags in how climate oscillations affect in situ conditions
at Station ALOHA relative to the rest of the gyre may
suggest better agreement with respect to expanding oligotrophy,
the divergence of secular trends measured by satellite-based
geography and in situ conditions at Station ALOHA point toward
an alternative hypothesis. In situ PP in the surface appears to
be balanced by loss on diurnal time scales (White et al., 2017),
allowing no accumulation of biomass through time. In our
study, we found that secular trends of phytoplankton appear to
be stronger in the deeper light-limited region of the euphotic
zone, below the optical depth that satellites can see. Increased
NPP in the DCM is correlated with greater abundances of
nanophytoplankton (White et al., 2015), which represent over
40% of the particulate carbon (Barone et al., 2015). However, the
debate about what exactly 14 C incubations measure (NPP, gross
PP or something in between, e.g., Marra, 2009) is exacerbated
when considering shifts in community structure, particularly
toward increased dominance by nano- and picophytoplankton.
Species with relatively high ratios of respiration to photosynthesis
may tend to substantially overestimate net primary production,
perhaps because a substantial percentage of the carbon respired
by such species is old carbon (Pei and Laws, 2013). 14C also
overestimates NPP at low growth rates, although the discrepancy
is less in 12-h than in 24-h incubations (Pei and Laws, 2014).
Certainly, careful intercomparison of incubation and bottle-free
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methods (e.g., Quay et al., 2010; Juranek and Quay, 2013),
optical assessments of size structure (White et al., 2015) and
gross carbon accumulation (White et al., 2017) along with 1-D
modeling (e.g., Luo et al., 2012) will be helpful to determine
how long-term changes in physical and chemical parameters
are affecting the ecosystem structure and function at Station
ALOHA.

Our results also suggest that long-term satellite and 3-D
modeling studies, particularly those that parameterize multiple
species and currencies of production (e.g., Luo et al., 2012;
Nicholson et al., 2014) are necessary to understand the
spatial and temporal scales of physical forcing and ecological
responses in the NPSG. We note that, although the 30+
year record may be sufficient to examine many oscillations, a
modeling study determined that ∼40 years was necessary to
detect secular trends in the subtropics (Henson et al., 2010).
However, the relationships between the geographic indicators
and conditions at Station ALOHA revealed in this study
may allow for future hypotheses to be tested, particularly
those that relate to the role of mesoscale variability in
modulating seasonal to interannual change and the role of Station
ALOHA as an early indicator of gyre responses to climate
oscillations.

CONCLUSION

Through the lens of pelagic seascape ecology, we have quantified
different geographic systems in the North Pacific that expand
and contract on seasonal and interannual scales and have
embedded long-term Eulerian in situ observations from Station
ALOHA in a dynamic mosaic of the NPSG. Over a three-
decade time-series, we were able to quantify subtle secular
trends and strong oscillations in gyre-scale geographic patterns
and in situ conditions at Station ALOHA. Due to a longer
data record and improved sensitivity of satellite algorithms
to low-level chl a, we observe secular trends that are weaker
than previously reported, but evident in both physical and
biological definitions of the gyre, physical changes at Station
ALOHA, and changes in phytoplankton standing stock and
NPP, primarily in the deeper euphotic zone. Finally, we observe
that conditions at Station ALOHA shift analogously to strong
interannual oscillations in gyre-scale oligotrophy as defined by
multivariate seascapes, with shoaled mixed layer and declines
in phytoplankton biomass and production occurring with an
expanded subtropical seascape.
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Figure S1 | Seascape determination of dynamic gyre geography. (A) Variance

explained by satellite and model seascapes and the percent of pixels that have the

same classification in space and time between satellite and modeled seascapes.

(B) Cross-correlation of model and satellite time series of subtropical seascape

expansion. (C) Cross-correlation of model and satellite time series of isolation of

Station ALOHA.

Figure S2 | Cross-correlation of MEI and PDO with NPGO.

Figure S3 | Cross-correlation of geographic indicators. (A) Areal extent of low

level chl a, extent defined by geostrophy, and isolation distance of Station ALOHA

in relation to variations in subtropical seascape extent. (B) Areal extent of low level

chl a, extent defined by geostrophy, and subtropical seascape extent in relation to

variations in the isolation distance of Station ALOHA within the subtropical

seascape.

Figure S4 | Cross correlation analysis of climate indices and in situ surface

properties at station ALOHA.

Table S1 | Trends of subtropical expansion across geographic metrics, chl a

algorithms, and time-series duration. Italicized values denote no significant trend

over the duration measured. The effect of climate oscillations has not been

removed.
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