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• In the California Current there are numerous 
indicators to describe the state of the ecosystem 

• Both environmental and biological 

• Long-term time series 

• Wide range of variables and trophic levels
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• CalCOFI (1950): Profiles - Temperature, Salinity, Density, 
Nutrients, Chlorophyl, O2 

• Shore Stations (1920’s): Temperature and Salinity 

• Sea Level (1920’s, 1970’s) 

• NDBC Buoys (1980’s): wind, SST, SLP, air temperature 

• Moorings: Profiles  

• Winter mode of upwelling variability 

• MOCI: Multivariate Ocean Climate Indicator

Environmental Indicators
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• Macro-zooplankton, fish egg and larvae abundance (CalCOFI) 

• Copepod Index: zooplankton biomass and community 
composition (Peterson) 

• Juvenile rockfish abundance (cruises) and growth 
chronologies (otholits) 

• Forage fish (Sardine and Anchovy) abundance assessments 

• Salmon abundance measured as returns/escapement 

• Marine mammals abundance 

• Seabirds (abundance @sea, productivity and phenology @ Is.)

Biological Indicators



FARALLON INSTITUTE

phytoplankton

zooplankton

forage fish

Biological 
indicators

predatory fish

mammals

T

!

Sea Level

Nutrients

Environmental 
indicators

seabirds

Chemistry fisheries

ENSO

Which indicators indicate ENSO?



FARALLON INSTITUTE

1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Te
m

pe
ra

tu
re

 (o C)

-2

-1

0

1

2

3
Scripps Pier, Temperature, Monthly Anomaly, Shore Station Program

1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Te
m

pe
ra

tu
re

 (o C)

-2

-1

0

1

2

3

4
Farallon Island, Temperature, Monthly Anomaly, Shore Station Program

1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Te
m

pe
ra

tu
re

 (o C)

-3

-2

-1

0

1

2

Trinidad Bay, Temperature, Monthly Anomaly, Shore Station Program

Sea Surface Temperature

Scripps

Farallons

Shore Station Program



FARALLON INSTITUTE

1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Te
m

pe
ra

tu
re

 (o C)

-2

-1

0

1

2

3
Scripps Pier, Temperature, Monthly Anomaly, Shore Station Program

1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Te
m

pe
ra

tu
re

 (o C)

-2

-1

0

1

2

3

4
Farallon Island, Temperature, Monthly Anomaly, Shore Station Program

1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Te
m

pe
ra

tu
re

 (o C)

-3

-2

-1

0

1

2

Trinidad Bay, Temperature, Monthly Anomaly, Shore Station Program

Scripps

Farallons

Sea Surface Temperature

Shore Station Program



FARALLON INSTITUTE

Upwelling-favorable winds
up

w
el

lin
g

bu
oy

s

latitude

NDBC/NOAA buoys



FARALLON INSTITUTE

up
w

el
lin

g
Upwelling-favorable winds

bu
oy

s

latitude

NDBC/NOAA buoys



FARALLON INSTITUTENewport line / NOAA website



FARALLON INSTITUTENewport line / NOAA website



FARALLON INSTITUTE

Sea birds

STATE OF THE CALIFORNIA CURRENT
CalCOFI Rep., Vol. 56, 2015

57

Figure 31 

Year Year

St
an
da
rd
ize

d	  
pr
od

uc
tiv
ity

-‐2.0

-‐1.0

0.0

1.0

2.0

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Western	  Gull

-‐2.0

-‐1.0

0.0

1.0

2.0

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Brandt's	  Cormorant

-‐1.0

-‐0.5

0.0

0.5

1.0

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Common	  Murre

-‐2.0

-‐1.0

0.0

1.0

2.0

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Pigeon	  Guillemot

-‐2.0

-‐1.0

0.0

1.0

2.0

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Pelagic	  Cormorant

-‐1.0

-‐0.5

0.0

0.5

1.0

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Rhinoceros	  Auklet

-‐1.0

-‐0.5

0.0

0.5

1.0

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Cassin's	  Auklet

-‐1.0

-‐0.5

0.0

0.5

1.0

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

Ashy	  Storm-‐petrel

St
an
da
rd
ize

d	  
pr
od

uc
tiv
ity

St
an
da
rd
ize

d	  
pr
od

uc
tiv
ity

St
an
da
rd
ize

d	  
pr
od

uc
tiv
ity

 
Figure 31. Standardized productivity anomalies (annual productivity—long term mean) for 8 species of seabirds on SEFI, 1971–2014.  
The dashed lines represent the 80% confidence interval for the long-term mean.
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Figure 31. Standardized productivity anomalies (annual productivity—long term mean) for 8 species of seabirds on SEFI, 1971–2014.  
The dashed lines represent the 80% confidence interval for the long-term mean.
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Figure 31. Standardized productivity anomalies (annual productivity—long term mean) for 8 species of seabirds on SEFI, 1971–2014.  
The dashed lines represent the 80% confidence interval for the long-term mean.
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Figure 31. Standardized productivity anomalies (annual productivity—long term mean) for 8 species of seabirds on SEFI, 1971–2014.  
The dashed lines represent the 80% confidence interval for the long-term mean.
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To describe the ecosystem state in 
relation to ENSO

Sensitivity to ENSO
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• In the California Current environmental variables are 
synchronized by climatic events 

• Most variables are impacted by ENSO in different 
degrees

Environmental Indicators
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Multivariate Ocean Climate Indicator    
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Results

Upwelling modes

In the coastwide PCA, monthly UIs grouped with
respect to season and showed a strong contrast between

winter and summer months (Fig. 1). The leading two
upwelling principal components (PC1coast and PC2coast)
explained 16% and 10% of the total variance and did not
contain significant (Po0.05) long-term trends, though
the second principal component exhibited unusually
positive values in 2007 and 2008 (Fig. 2a and b).
Correlations with monthly UI data demonstrated that
the principal components had highly seasonal signa-
tures. PC1coast associated with the summer months
(April through October; ‘summer mode’) while PC2coast
associated with a narrower window during the winter
months (January throughMarch; ‘winter mode’) (Fig. 2c
and d). Correlations with monthly UI were weakest in
the northernmost latitudes of the study. The third (8.3%
variance explained) and fourth (7.3% variance ex-
plained) principal components did not show a clear
seasonality, did not consistently relate to biological time
series (data not shown), and were therefore dropped
from further analysis.
When PCA was repeated for each of the five

upwelling stations, variance explained by the leading
two components was considerably higher than in the
full coastwide analysis (Table 1A, B). At all latitudes, the
leading principal component correlated with summer-
time upwelling while the secondary component corre-
lated with wintertime upwelling (Table 1A, B). For
example, the leading principal component at 391N
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Fig. 1 Principal components analysis scores for monthly up-

welling intensity data in the California Current Ecosystem. The

analysis included five locations between 33 and 451N latitude,

with a total of 60 variables (12 months per year, per site). Data

were divided by season: winter (January –March), spring (April–

June), summer (July–September), and fall (October–December).
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Fig. 2 (a) The leading principal component (PC1) extracted frommonthly upwelling intensity data in the California Current Ecosystem.

The analysis included five locations between 33 and 451N latitude, with a total of 60 variables (12 months per year, per site). (b) The

second PC. (c) Spearman’s correlations (loadings) between PC1 and the monthly upwelling intensity data. (d) Spearman’s correlations

between PC2 and monthly upwelling intensity data.
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given that colder temperatures correspond to
upwelling-favorable winds. The second PCenv

accounted for 12% of the variability and mostly
represented one large anomaly in late 1997 focused
in the southern part of the region, possibly related
to the early onset of that year’s El Niño event.
Thus, this component, similarly to PCSST2, was not
considered further in the analysis.

Biological Time Series

Among the biological time series, a subset of vari-
ables strongly correlated among one another
including the splitnose rockfish chronology, Cas-
sin’s auklet and common murre phenology, and
reproductive success for pigeon guillemot, pelagic
cormorant, common murre and SEFI rhinoceros

auklet (Figure 5). For clarity, the signs for pheno-
logical measurements (timing of egg-laying in auklets
and murres) were reversed so that all correlations
were positive. Pigeon guillemot reproductive success
significantly correlated with the most biological
variables whereas Pacific sardine recruitment signif-
icantly correlated only with Cassin’s auklet timing of
breeding.

Nine biological time series shared a common
interval from 1982 to 2006 and were included in
the PCA: the splitnose rockfish otolith chronology,
Pacific sardine recruitment, Cassin’s auklet and
common murre phenology, and reproductive suc-
cess for pigeon guillemot, pelagic cormorant, com-
mon murre, Brandt’s cormorant, and Cassin’s
auklet. The leading PCbio (PCbio1) explained 56% of

Figure 4. Principal component analysis of environmental variables from 1988 to 2010. Loadings of A PCUw1, B PCSST1,
C PCUI2, D Uw against PCenv1, E SST against PCenv1. F PCs with explained variance greater than 10%. G Normalized scores
for PCenv1, PCUw1, PCSST1, PCUI2, and PCbio1 (here shown for the period 1988–2006).
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given that colder temperatures correspond to
upwelling-favorable winds. The second PCenv

accounted for 12% of the variability and mostly
represented one large anomaly in late 1997 focused
in the southern part of the region, possibly related
to the early onset of that year’s El Niño event.
Thus, this component, similarly to PCSST2, was not
considered further in the analysis.

Biological Time Series

Among the biological time series, a subset of vari-
ables strongly correlated among one another
including the splitnose rockfish chronology, Cas-
sin’s auklet and common murre phenology, and
reproductive success for pigeon guillemot, pelagic
cormorant, common murre and SEFI rhinoceros
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icantly correlated only with Cassin’s auklet timing of
breeding.
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interval from 1982 to 2006 and were included in
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• Biology is more complex 

• Environmental impacts: 

• Direct: transport for plankton 

• Physical processes behind not easily resolved due 
to synchrony

Biological Indicators
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Figure 6. Time series of nonseasonal values of four parameters in the California Current : (a) 
The average of the individual zooplankton time series in the four areas shown in Figure 3. 
The values in log. (10- ' ml m_.) were standardized for each area before averaging ; (b) The 
average 10 m temperature over the 150 hydrographic stations in Figure 3; (c) The average 
10 m salinity over the 150 hydrographic stations in Figure 3; (d) The amplitude time series 
of the principal EOF of 01500 steric height shown in Figure 10. Triangles in (d) represent 
the zooplankton time series shown in (a). The averages in (a), (b) and (c) were computed using 
the objective method described in the Appendix and estimates with relative expected square 
errors exceeding 25% were rejected. 

Zooplankton - CalCOFI

Chelton et al., 1982 JMR



FARALLON INSTITUTE

ing of the change from positive to negative biomass
anomalies of northern copepods did not differ between
event types (Table 1; F = 2.6, P-value = 0.17).

Regardless of event type, negative biomass anomalies
of northern copepods occurred rapidly (1–2 months)
following the initiation of events in the tropics, with

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 2 Time series of El Ni~no events and the PDO compared to monthly averaged biomass anomalies of copepod groups, hydrography,

and biogeochemistry at NH 5 (44.6°N). (a) Ni~no-3.4 index (°C; line) and the PDO (red and blue bars), and time interval spanned by each

El Ni~no event (gray vertical bars). Monthly anomalies of (b) southern, (c) northern copepods (mg C m!3), (d) deep-water (50-m)

temperature (°C), (e) nitrate (lM L!1), and (f) chlorophyll-a (lg L!1). Temperature, nitrate, and chlorophyll-a data are smoothed with a

3-month running mean to remove high-frequency variability. ND, no data; PDO, Pacific Decadal Oscillation.

© 2015 John Wiley & Sons Ltd, Global Change Biology, 21, 4401–4414

BIOPHYSICAL RESPONSE TO EL NI ~NO IN THE NCC 4407

with the aid of a TSK flowmeter mounted off‐center in the
mouth of the net. In the lab, the plankton net samples were
rinsed with freshwater, diluted to 5–10 times the settled
volume and two 1‐mL subsamples were removed with a
Hensen‐Stempel pipette and all individuals enumerated by
species. Biomass values were calculated from the abundance
estimates by multiplying number per cubic meter for each
taxa by taxa‐ and stage‐specific weights derived largely from
the published literature. Copepod species were classified into
four categories depending uponwater mass affinities (seeHooff
and Peterson [2006] for additional details). In the present
study, we focused on seven cold neritic species: Acartia
hudsonica, A. longiremis, Calanus marshallae, Centropages
abdominalis, Epilabidocera longipedata, Pseudocalanus
mimus, and Tortanus discaudatus. These species are char-
acteristic of shelf waters off Oregon, Washington, Vancouver
Island, and theGulf of Alaska as well as the Bering Sea [Hooff
and Peterson, 2006; Mackas et al., 2001].

2.3. PDO,Wind Data, and Coho SalmonMarine Survival
[7] Values of the PDO were obtained from http://jisao.

washington.edu/pdo. The PDO is the leading principle

component of sea surface temperature in the North Pacific
and describes a low frequency climate pattern in this region
[Mantua et al., 1997]. Wind data were downloaded from
NOAA buoy 46050 (44.64°N, 124.50°W). Wind data were
decomposed into north‐south and east‐west components
and the monthly averages of the north‐south and east‐west
components were calculated. “Marine survival” of coho
salmon (Oncorhynchus kisutch) is derived from the Oregon
Production Index (OPI) which is calculated by summing the
number of coho salmon adult caught in the fishery with the
number of adults that return to their hatcheries‐of‐origin then
dividing by the number of smolts (juveniles) released by
hatcheries [Pacific Fishery Management Council, 2010]. The
OPI coho are salmon that entered the ocean in April/May as
juveniles and returned as adults in the autumn, ∼1.5 years
after leaving their hatcheries.

3. Results

[8] The alongshore current showed a strong seasonal cycle,
flowing southward during the summer time, typically starting
fromMarch–April through September, and flowing northward

Figure 2. (a) Correlation between the monthly average alongshore current speed and alongshore wind speed. (b) Correlation
between the monthly average alongshore current velocities and the quad‐root transformed biomass of cold water copepods.
(c) Correlation between the cumulative biomass of cold neritic copepods and cumulative alongshore transport from April
to December. (d) Correlation between the mean biomass of cold water copepods from April to December and the “marine sur-
vival” rate of juvenile coho (Oncorhynchus kisutch) in the same year. (e) Correlation between the cumulative alongshore trans-
port from April–December and the “marine survival” rate of juvenile coho salmon survival in the same year. (f) Correlation
between the cumulative alongshore transport and the cumulative PDO from April–December.
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marily Aurelia spp. and Chrysaora spp.) were unusually 
low in 2015 (fig. 21), catches of pelagic tunicates (pri-
marily Salpa spp., Thetys vagina and Pyrosoma spp.) were 
at extreme to record high levels. Finally, despite the high 
abundance (inferring high productivity and transport of 
subarctic water) of both YOY groundfish and of pelagic 
tunicates, the 2015 survey also encountered unusually 
high numbers of warm water species (many of which 
had never previously been encountered), which are typ-
ically considered to be harbingers of strong El Niño 

YOY rockfish and other groundfish were at very low 
levels in both 2014 and 2015 (R. Brodeur, unpublished 
data), consistent with occasionally dramatic differences 
in catch rates of YOY rockfish over broader spatial scales 
(Ralston and Stewart 2013).

In addition to the high catches of YOY rockfish and 
other groundfish, catches tended to be very high for a 
suite of both less commonly encountered and less con-
sistently reported (over the course of the time series) 
species. Although catches of scyphozoan jellyfish (pri-
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Figure 20. Long-term standardized anomalies of several of the most frequently encountered pelagic forage species from rockfish recruitment survey in the core 
(central California) region (1990–2015) and the southern and northern California survey areas (2004–15, excluding 2012 for the northern area).
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marily Aurelia spp. and Chrysaora spp.) were unusually 
low in 2015 (fig. 21), catches of pelagic tunicates (pri-
marily Salpa spp., Thetys vagina and Pyrosoma spp.) were 
at extreme to record high levels. Finally, despite the high 
abundance (inferring high productivity and transport of 
subarctic water) of both YOY groundfish and of pelagic 
tunicates, the 2015 survey also encountered unusually 
high numbers of warm water species (many of which 
had never previously been encountered), which are typ-
ically considered to be harbingers of strong El Niño 

YOY rockfish and other groundfish were at very low 
levels in both 2014 and 2015 (R. Brodeur, unpublished 
data), consistent with occasionally dramatic differences 
in catch rates of YOY rockfish over broader spatial scales 
(Ralston and Stewart 2013).

In addition to the high catches of YOY rockfish and 
other groundfish, catches tended to be very high for a 
suite of both less commonly encountered and less con-
sistently reported (over the course of the time series) 
species. Although catches of scyphozoan jellyfish (pri-
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Figure 20. Long-term standardized anomalies of several of the most frequently encountered pelagic forage species from rockfish recruitment survey in the core 
(central California) region (1990–2015) and the southern and northern California survey areas (2004–15, excluding 2012 for the northern area).
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Figure 31. Standardized productivity anomalies (annual productivity—long term mean) for 8 species of seabirds on SEFI, 1971–2014.  
The dashed lines represent the 80% confidence interval for the long-term mean.
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Figure 31. Standardized productivity anomalies (annual productivity—long term mean) for 8 species of seabirds on SEFI, 1971–2014.  
The dashed lines represent the 80% confidence interval for the long-term mean.
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Figure 31. Standardized productivity anomalies (annual productivity—long term mean) for 8 species of seabirds on SEFI, 1971–2014.  
The dashed lines represent the 80% confidence interval for the long-term mean.
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Figure 31. Standardized productivity anomalies (annual productivity—long term mean) for 8 species of seabirds on SEFI, 1971–2014.  
The dashed lines represent the 80% confidence interval for the long-term mean.
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Figure 31. Standardized productivity anomalies (annual productivity—long term mean) for 8 species of seabirds on SEFI, 1971–2014.  
The dashed lines represent the 80% confidence interval for the long-term mean.
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Figure 31. Standardized productivity anomalies (annual productivity—long term mean) for 8 species of seabirds on SEFI, 1971–2014.  
The dashed lines represent the 80% confidence interval for the long-term mean.
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Figure 31. Standardized productivity anomalies (annual productivity—long term mean) for 8 species of seabirds on SEFI, 1971–2014.  
The dashed lines represent the 80% confidence interval for the long-term mean.
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Figure 31. Standardized productivity anomalies (annual productivity—long term mean) for 8 species of seabirds on SEFI, 1971–2014.  
The dashed lines represent the 80% confidence interval for the long-term mean.
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• In the California Current, many environmental 
variables are synchronized by climatic events 

• Winter season 

• Highly related to ENSO

Timing
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vigorous fish growth, early seabird egg laying,
and high seabird breeding success are all coinci-
dent with reduced tree growth (table S1). A large
fraction of the interannual variability in PC1bio is
explained by the CCWI [coefficient of determi-
nation (R2) = 0.72; Fig. 2 and Table 1]. The sta-
bility of the relationship between these climate
and biological variables is verified by the early
interval of the rockfish growth chronology (R2 =
0.56 with the CCWI for the 1948–1971 period;
Fig. 2, B and C). The CCWI is also closely related
to the leading principal component of a broader
group (n = 9; 1982–2006) of CC seabird and fish
time series (fig. S2) (7), as well as a regional zoo-
plankton index for which positive anomalies
indicate abundant cold-water, lipid-rich copepod
species associated with high marine productivity
(Fig. 2 and Table 1) (12). Such pervasive linkages
across the ecosystem further substantiate the
biological relevance of this wintertime climate
indicator.
Given the tight relationships between marine

and terrestrial ecosystems, we used the 16 blue
oak chronologies to develop an ensemble-based
reconstruction of winter upwelling climate back
to 1428 CE (Fig. 3C; median R2 = 0.58; Fig. 3A
and table S4). The stability of this new recon-
struction is verified by a median R2 of 0.51 (P <
0.0001) between independent sea-level instru-
mental data (1898–1947) and each ensemble
member (Fig. 3C and table S4). The reconstruc-
tion does not display long-term trends in the
mean and is dominated by higher-frequency
variability (<30 years; fig. S3), despite employ-
ing techniques capable of preserving interan-
nual to centennial fluctuations in tree-ring data.
In contrast, long-term trends are evident in var-
iance, which increased sharply fromapproximately
1950 CE, (Fig. 3, B and D), which is consistent
with observations of rising variability over recent
decades in a number of CC biological time series
(13). However, the multicentennial perspective
afforded by winter climate reconstruction dem-
onstrates that both the maximum variance and
the rate of late–20th- and early–21st-century var-
iance increase are high, but not unprecedented
in the context of the past 600 years (Fig. 3D).
Comparable levels in variance occurred during
the mid–20th century and the latter 19th cen-
tury, two peaks in an oscillating pattern that
dates back to at least themid-1600s. Additional
instrumental records suggest that the late–20th-
century rise in variance was particularly pro-
nounced for precipitation (fig. S6) (14). The CCWI
and associated winter variables correlate only
weakly with the Pacific Decadal Oscillation (PDO),
an important multidecadal mode of variability
in the northeast Pacific (15) (table S1 and fig. S7).
Establishing correspondence between the PDO
and periods of high and low variance in the CCWI
is hindered by the low number of PDO regime
shifts in the instrumental record and the mod-
est level of agreement among PDO reconstruc-
tions (fig. S7) (16).
Although our reconstruction indicates that

modern winter climate variability is within his-
torical bounds, the frequency of negative anoma-

lies per century, as calculated for each ensemble
member, is between three and five times greater
after 1950 than before 1950 (Fig. 3F and table S5).
This is of particular ecological significance, given
that the relationship between the CCWI and PC1bio

is nonlinear, so that negative CCWI values exert
disproportionately severe impacts on marine bio-
logical functioning (Fig. 2A and fig. S2). Conse-
quently, although risingwintertime variability over
recent decadesmay not be unprecedented, it has
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Table 1. Correlations among biological time series and the CCWI. Pearson correlation coefficients
(r) and nominal P values (in italics; not corrected for autocorrelation) among marine biological time
series, the CCWI, the mean of the 16 blue oak chronologies used in the CCWI reconstruction, and the
CCWI tree-ring reconstruction.

Biological variable CCWI*
CCWI

reconstruction†
Blue oak‡ Time span§

Murre lay date –0.66 <0.001 –0.42 0.018 0.37 0.039 1972–2006
Auklet lay date –0.78 <0.001 –0.64 <0.001 0.58 <0.001 1972–2006
Murre success 0.57 <0.001 0.38 0.035 –0.34 0.059 1972–2006
Splitnose chronology 0.62 <0.001 0.41 0.001 –0.32 0.015 1948–2006
Winter copepod –0.78 <0.001 –0.74 0.015 0.74 0.014 1970–1972;

1996–2010
PC1bio|| 0.84 <0.001 0.67 N/A¶ –0.61 N/A¶ 1972–2003

*The CCWI is the leading principal component of the winter Northern Oscillation Index, winter sea level at SFO, and
winter upwelling index in the central CC. †Reconstruction of the CCWI from tree-ring data (ensemble
median). ‡Mean of 16 blue oak chronologies used in the CCWI reconstruction. §Years spanned by the
time series. ||The leading principal component of murre laying date, auklet laying date, murre fledgling success,
the splitnose rockfish otolith growth-increment chronology, and the mean of 16 blue oak chronologies. ¶Level of
significance is not applicable; the blue oak mean is used in calculating PC1bio and the reconstructed CCWI.¶
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Fig. 2. The CCWI and its coherence with biological time series. Data sets shown are the winter
copepod index, murre laying date, auklet laying date, murre fledgling success, a splitnose rockfish otolith
chronology, and the mean of the 16 blue oak tree-ring chronologies used in the CCWI reconstruction.The
leading principal component (PC1bio) for all marine biological time series except copepods is also
included. All time series are normalized, and the lay date, copepod, and blue oak time series are inverted
to illustrate synchrony. (Inset) (A) Bivariate plot of CCWI and PC1bio (1973–2006; regression with an
exponential rise to maximum function; R2 = 0.72; P < 0.001). (B) Bivariate plot of CCWI and the latter
portion of the splitnose chronology (1972–2006; regression with an exponential rise to maximum
function; R2 = 0.38; P < 0.001). (C) Bivariate plot of CCWI and the early portion of the splitnose
chronology (1948–1971; regression with exponential rise to maximum function developed for late portion
of the chronology; R2 = 0.55; P < 0.001).

…shared by some biological indicators

Black et al., 2014 Sci
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cal and biological structure of the CCE, explain differ-
ences in patterns of biological time series from the
region, and underscore the importance of considering
seasonality when addressing the impacts of climate
variability and change.
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Table 2 Spearman’s rank coefficients (Sr) and level of significance (P) for correlations between upwelling modes in the California
Current Ecosystem and biological time series

Biological time series Span (years)

Coastwide 391N Latitude

PC1 PC2 PC1 PC2

Sr P Sr P Sr P Sr P

Murre lay date 1972:2006 !0.16 0.37 !0.12 0.49 0.07 0.66 !0.44 0.007

Auklet lay date 1972:2006 !0.31 0.07 !0.36 0.03 !0.21 0.23 !0.52 0.001

Murre success 1972:2006 0.11 0.49 0.10 0.55 !0.08 0.64 0.35 0.04

Auklet success 1972:2006 0.51 0.002 !0.22 0.20 0.33 0.04 !0.17 0.30
Splitnose crn 1946:2006 0.15 0.23 0.42 0.001 0.17 0.18 0.45 0.001

Yelloweye crn 1946:2003 !0.04 0.77 0.21 0.12 !0.07 0.58 0.34 0.01

Salmon crn 1978:2001 0.54 0.006 0.25 0.23 0.32 0.12 0.23 0.26

Biological time series are mean annual lay date and fledgling success for common murre and Cassin’s auklet, otolith growth-
increment chronologies for yelloweye and splitnose rockfish, and a scale growth-increment chronology for Chinook salmon.
Upwelling data are analyzed for two spatial scales: 391N as well as coastwide, compiled between 33 and 451N. The leading principal
component (PC1) of upwelling data is ‘summer mode’ while the secondary (PC2) is ‘winter mode.’ Correlations significant at the
Po0.05 level are given in bold.

Fig. 6 (a) Normalized time series of upwelling PC2 at 391N (winter mode), the splitnose growth-increment chronology, and negative

values of auklet lay date. Negative values of auklet lay date are shown to facilitate comparison. (b) Auklet lay date (day of year) and PC2

at 391N, (c) the splitnose rockfish growth-increment chronology and PC2 at 391N, and (d) and (e) auklet fledgling success and coastwide

upwelling PC1. Fledgling success was 0 in 2005 and 2006.

2544 B . A . B LACK et al.

r 2011 Blackwell Publishing Ltd, Global Change Biology, 17, 2536–2545
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• What are indicators indicating: 

• ENSO, other-than-ENSO, ENSO+others 

• Need of mechanistic understanding of biological 
indicators 

• Synchrony in the California Current 

• winter, related to ENSO, bio/phy

Ecosystem Indicators
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MOCI & Ecosystem Indicators
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