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a b s t r a c t

We used an indicator approach to address outstanding questions concerning the ecological importance of
low-frequency climate variability in the northeast Pacific Ocean. Our data consist of a previously-pub-
lished set of 33 climate and 64 biology time series, updated by us for the years 1965–2011 (for climate
data) and 1965–2008 (for biology data). A model-selection approach showed that the first axis of variabil-
ity in large-scale climate indices (PC1ci), the first and second axes for local climate parameters (PC1cp and
PC2cp) and the second axis for biological variability (PC2biol) all showed temporal variability best
described by abrupt shifts. In contrast, PC1biol showed gradual, rather than abrupt, temporal variability,
suggesting that the leading axis of biological variability was not dominated by abrupt transitions
following climate regime shifts. The leading mode of variability in detrended North Pacific sea surface
temperature, the Pacific Decadal Oscillation, showed reduced amplitude from the late 1980s until the
mid-2000s, and we found that this change in PDO behavior was associated with a decline in the strength
of the leading pattern of basin-scale biological variability (PC1biol). A reversion to a PDO-negative state in
the winter of 2007/08 was associated with the largest observed annual change in the PC1bio–PC2bio phase
space, suggesting renewed ecological importance of the PDO. However, a subset of biology time series
(n = 23) for which more recent data were available did not show persistent change in PC1bio or PC2bio dur-
ing 2008–2011, thus failing to support the hypothesis of widespread ecological response to the putative
2007/08 shift. To further assess the possible ecological importance of low-frequency climate variability in
recent years, we compared changes in the PDO-North Pacific Gyre Oscillation (NPGO) phase space for
2007/08 with ecologically important (1976/77) and less important (1988/89) climate regime shifts of
the past. We found that all three shifts involved PDO-NPGO variability of similar magnitude (i.e., similar
pulse disturbances), but that the 1976/77 shift was followed by a period of stability in a new climate state
(i.e., strong press disturbance), while the 1988/89 shift was not followed by a period of stability (weak
press disturbance). Data through 2013 suggest that the press disturbance following 2007/08 is similar
to that following 1976/77, implying that the putative 2007/08 shift may eventually prove to be ecolog-
ically important. Our ‘‘pulse-press’’ approach provides a formal framework for distinguishing transient
and persistent climate perturbations at the ends of time series.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Red noise in low-frequency climate variability in the North Pa-
cific Ocean may produce decadal-scale periods of stability sepa-
rated by sudden transitions (Rudnick and Davis, 2003; Hsieh
et al., 2005; Di Lorenzo and Ohman, 2013). In the 1990s, it became
widely accepted that these sudden climate transitions resulted in
community-level, basin-scale biological reorganization (Francis
and Hare, 1994; Mantua et al., 1997; Benson and Trites, 2002),
and ecologists began commonly referring to these events as ‘‘re-
gime shifts’’. The most familiar pattern of low frequency climate
variability in the North Pacific is the Pacific Decadal Oscillation
(PDO), the first empirical orthogonal function (EOF) of residual var-
iability in North Pacific sea surface temperature (SST) fields, after
the global warming signal is removed (Mantua and Hare, 2002).
The PDO is also characterized by variability in the intensity of
the Aleutian Low (Minobe, 1999; Di Lorenzo and Ohman, 2013),
and is mechanistically associated with El Niño-Southern Oscilla-
tion (ENSO, Newman et al., 2003).

While the climate regime shift concept was useful for under-
standing sudden historical biological reorganization events in the
North Pacific in the 1940s and 1970s (Mantua et al., 1997; Hare
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et al., 1999), several problems limit the general utility of the con-
cept in marine ecology. Most notably, a universally agreed-upon
definition of regime shifts has never been established. Ecologists
have tended to use ad hoc, system-specific definitions (Lees et al.,
2006), and have applied models of abrupt transition without con-
sidering alternate models of temporal variability (Spencer et al.,
2012). This failure to test hypotheses for more gradual change is
an important gap in marine ecology, as regional-scale changes to
climate are increasingly being attributed to anthropogenic forcing
(Hegerl et al., 2007), such that the ecological importance of internal
climate variability should progressively become overshadowed by
that of anthropogenic climate change (Overland and Wang, 2007).

A further hurdle in the application of the regime shift concept
lies in the difficulty of using historical patterns of natural climate
variability to understand contemporary climate-biology covaria-
tion. After quasi-stable states in the 20th century PDO pattern
had been recognized, there was interest in the predictive capabil-
ity offered by recognizing the next regime shift as it occurred,
with particular attention paid to a 1998/99 change in sign of
the PDO Index (e.g., Peterson and Schwing, 2003). However, the
1998/99 PDO shift proved to be a transient occurrence associated
with ENSO, and not the beginning of a decadal-scale regime
(Bjorkstedt et al., 2011). The 1998/99 experience highlights the
difficulty in distinguishing transient disruptions from low-fre-
quency variability at the ends of time series. This difficulty is
exacerbated by non-stationary behavior in leading modes of nat-
ural climate variability; proxy records indicate that the PDO did
not explain a leading proportion of North Pacific climate during
the 19th century (Gedalof et al., 2002), and from 1989 until (at
least) 2008, the PDO has been dominated by noise (i.e., shown re-
duced amplitude, autocorrelation and variability), while the sec-
ond mode of detrended SST and sea surface height, the North
Pacific Gyre Oscillation (NPGO), captured more climate variability
(Bond et al., 2003; Di Lorenzo et al., 2008; Yeh et al., 2011). While
it has long been recognized that 1988/89 was not a simple rever-
sal of the 1976/77 event, both instances have been identified as
regime shifts (Hare and Mantua, 2000), emphasizing the difficulty
in deriving a uniform definition for the term. The ecological
implications of the decline in ‘‘regime’’ behavior of the PDO since
1988/89 have not, to our knowledge, been formally addressed.
And finally, the difficulties in ‘‘real time’’ understanding of incip-
ient low-frequency climate variability are again highlighted by a
recent run of negative PDO values, beginning in 2007/08, and
uncertainty over the persistence of associated climate anomalies
(Cai and van Rensch, 2012; Overland et al., 2012; Zwolinski and
Demer, 2012).

Because the mechanisms underlying climate-biology links are
still imperfectly understood, statistical patterns of climate-biology
covariation over large spatial scales have often been used to eluci-
date biological responses to climate regime shifts in the North Pa-
cific (Mantua et al., 1997; Hare and Mantua, 2000; Boeing and
Duffy-Anderson, 2008). In this study, we use leading axes of eco-
logical variability in the northeast Pacific Ocean during 1965–
2011, as defined by a well-known set of ecosystem indicators (33
climate and 64 biology time series; Hare and Mantua, 2000), to ad-
dress outstanding questions concerning the role of climate regime
shifts in the North Pacific. Our specific goals were to: (1) provide an
updated perspective on climatic and biological variability at the
scale of the northeast Pacific; (2) determine whether leading axes
of variability were better described by abrupt or gradual models of
temporal variability; (3) test the hypothesis that changes in the
statistical behavior of the PDO index change the strength of the
leading axis of variability in our biological time series; and (4)
compare climatic and biological changes across 2007/08 with ear-
lier events in order to evaluate the evidence for an ecologically-
important shift to a new climate regime in the North Pacific.
Finally, because a standardized definition for ‘‘regime shifts’’ in
marine ecology has proven elusive (Lees et al., 2006), we define our
conceptual approach and use of the term here. To some degree, the
absence of a consensus definition for regime shifts arises from dif-
ferences in application of the concept in climate science and ocean-
ography on one hand, and ecology on the other. A consensus has
built over the last decade that occasional abrupt shifts in the mean
state of fundamental climate parameters is most parsimoniously
explained by autocorrelated stochastic variability (i.e., red noise)
that arises from integrating underlying white noise processes
(Rudnick and Davis, 2003; Hsieh et al., 2005; Di Lorenzo and Oh-
man, 2013). An important implication of this view is that the tim-
ing of these shifts is not predictable, so that attempts to define
periodicity in leading modes of low-frequency climate variability
(e.g., Minobe, 1999; Zwolinski and Demer, 2012) are likely to be
unsuccessful. On the other hand, regime shifts in ecology refer to
abrupt shifts between alternative stable states that are separated
by hysteresis (state-dependent forcing-response relationships);
ecological regime shifts are seen as the result of both incremental
perturbations that gradually reduce system resilience and an
abrupt stochastic perturbation that initiates the shift (Scheffer
et al., 2001). Ecological regime shifts have been ascribed to a vari-
ety of perturbations, including overfishing, eutrophication, habitat
alteration and climate variability (deYoung et al., 2008; Möllmann
and Diekmann, 2012). However, demonstrating the presence of
alternate stable state dynamics from observational data is chal-
lenging (Schröder et al., 2005; Hsieh et al., 2008), and abrupt eco-
logical changes that have been heuristically identified as regime
shifts between alternative stable states (e.g., in the Scotian Shelf
and a variety of coral reef ecosystems; Knowlton, 1992; Scheffer
et al., 2001; Choi et al., 2004; deYoung et al., 2008) can more par-
simoniously be explained by other phenomena (e.g., phase shifts
and ecological transients; Petraitis and Dudgeon, 2004; Dudgeon
et al., 2010; Frank et al., 2011). Since formal tests for alternative
stable states are beyond the scope of this paper, we refrain from
using the term ‘‘regime shift’’ to describe biological variability.
However, while red noise-associated shifts in low-frequency cli-
mate variability are inherently unpredictable, such shifts in climate
are expected to remain important drivers of marine ecosystem var-
iability (Overland and Wang, 2007), and we refer to these abrupt
changes as ‘‘climate regime shifts’’ for the sake of convenience.
2. Materials and methods

2.1. Data

We updated the climate time series from the Hare and Mantua
(2000) study for the years 1965–2011, and, because recent biology
data were often unavailable, we updated biology time series for
1965–2008. The original Hare and Mantua (2000) data covered
the period 1965–1997, so our updates represent a 33–42% increase
in time series length. Sources, descriptions and scientific names for
all time series are presented in Table SP.1, and further information
is available in Hare and Mantua (2000). Six time series from the
original paper (Eastern Bering Sea zooplankton biomass, Eastern
Bering Sea Pacific Ocean perch recruitment, Gulf of Alaska short-
spine thornyhead recruitment, central Pacific zooplankton bio-
mass, West Coast yellowtail rockfish recruitment, California coho
salmon catch) are, to the best of our knowledge, no longer main-
tained, and were not used in our analysis. In two other instances,
we were able to replace discontinued time series with other time
series that convey similar ecological information from the same
general location (West Coast anchovy recruitment replaced
with West Coast sardine catch; east Pacific zooplankton
biomass replaced with combined Ocean Station Papa/Vancouver
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I. zooplankton phenology; details in Table SP.1). We also excluded
Washington pink salmon catches from our analysis, as this fishery
only operates in alternate years. Finally, we added two biology
time series (British Columbia herring recruitment and shrimp
catch) that were not included in the original study.

Climate time series from Hare and Mantua (2000) include both
large-scale climate indices (e.g., PDO Index) and climate parame-
ters that were measured at single locations (e.g., SST). Because
these two types of time series measure climate variability at differ-
ent scales (i.e., basin- or hemisphere-scale indices vs. local-scale
parameters), we separated the two groups for analysis. Local-scale
climate parameters were fairly evenly divided among time series
of SST (four), air temperature (six), river volume (five) and upwell-
ing strength (six), and also include a measure of seasonal Bering
Sea ice cover and winter surface advection vectors from Ocean Sta-
tion Papa. Climate indices were dominated by time series measur-
ing variability in the PDO, Arctic Oscillation (also known as the
Northern Annular Mode), Southern Oscillation and North Pacific
sea level pressure variability (SLP; measured by the North Pacific
Atmospheric Index of Hare and Mantua (2000), the average of
the standardized North Pacific Index, Pacific North American Pat-
tern and Aleutian Low Pressure Index). The NPGO, which was not
recognized at the time of the original study, captures variability
in the strength of gyre circulation, upwelling, and horizontal
advection in the North Pacific (Di Lorenzo et al., 2008), and we
added both winter and summer values of the NPGO Index to the
data set. The updated data set therefore included 97 time series:
ten large-scale climate index time series, 23 local climate parame-
ter time series and 64 biology time series (Fig. 1).

Biology time series were dominated by commercially important
fish populations. Twenty-eight were time series of commercial
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Fig. 1. Approximate location of time series used in analysis. Locations for large-
scale climate indices not indicated.
salmon catches, log-transformed and lagged to year of ocean entry,
and another (the Northern Diversion Rate) was a measure of
migration behavior for British Columbia sockeye salmon. Twenty-
three were time series of groundfish recruitment estimates, log-
transformed and lagged to cohort year, and another six were
recruitment estimates or catches for small pelagic fishes, log-trans-
formed and lagged to cohort year. Four other time series were
measures of macro-invertebrate abundance or growth, and two
time series measured zooplankton biomass or phenology.

2.2. Analysis

2.2.1. Leading axes of ecological variability
We summarized leading axes of ecological variability with prin-

cipal components analysis (PCA) run separately on large-scale cli-
mate indices (PCci), local climate parameters (PCcp), and biology
time series (PCbiol). Missing values (4.3% of total) were estimated
using multiple imputation with Bayesian linear regression tech-
niques implemented in the MICE package (Van Buuren and Oud-
shoorn, 1999) in the computer language R (R Development Core
Team, 2010). Multiple imputation consisted of five iterations, each
consisting of 100 imputations. Mean PC scores and associated stan-
dard deviation (SD) values for every year with missing time series
values were estimated from the distribution of the 100 imputed
values from the final iteration. We then identified the number of
interpretable axes from our PCA results using the broken-stick ap-
proach of Jackson (1993), but limited our analysis to no more than
the first two PCs in order to concentrate on the most important
modes of variability. We interpreted the variability captured by
leading PC scores in terms of the strongest time series loadings
(absolute loading values P0.2 for climate PCA, and P0.15 for biol-
ogy PCA).

2.2.2. Abrupt vs. gradual models of variability
We used a model selection approach to determine whether ob-

served ecological variability was better described by gradual
change or abrupt shifts between steady states. To construct abrupt
shift models, we began by using STARS (sequential t-test analysis
of regime shifts; Rodionov, 2006) to identify shift points in time
series. For STARS tests we set a = 0.05; the length of the proposed
regimes, L = 15 years to match the approximate frequency of previ-
ously documented climate regime shifts in the data set (Hare and
Mantua, 2000); and the Huber weight parameter, H = 6 SD, which
had the effect of treating extreme time series values as representa-
tive, rather than as outliers. To account for temporal autocorrela-
tion, we reduced effective degrees of freedom for these tests with
the IP4N method, using the median value of AR1 estimates calcu-
lated from all possible 5-year windows in the time series in ques-
tion (Rodionov, 2006). These results are presented with the
notation P0. We did not prewhiten time series before STARS analy-
sis out of concern over a potentially unacceptable increase in Type-
II error rates (Pyper and Peterman, 1998). STARS explicitly models
time series variability as shifts between stable mean states (Rodio-
nov, 2006), so we used ANOVA with STARS-defined regime identity
as a class variable for modeling time series variability.

Gradual change in time series was modeled with generalized
additive models (GAMs), using year as the explanatory variable.
GAMs utilized a Gaussian distribution and identity link and smooth
functions were estimated with penalized regression splines as
implemented in R package mgcv (Wood, 2008). We limited GAM
smoothing (effective degrees of freedom [EDF] 6 5) in order to
avoid over-fitting and to allow for approximately decadal-scale
trends in the time series. Model selection (ANOVA vs. GAM) was
conducted with Akaike’s Information Criterion controlled for small
sample size (AICc). Selection of the ANOVA model was taken as
support for abrupt shifts between STARS-defined states, while
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Fig. 2. Rationale for the ‘‘pulse-press’’ approach for assessing the potential
ecological importance of abrupt climate shifts – an example with the winter
(NDJFM) PDO Index. Plotted data (green line) is PDO variability (SD) on a 10-year
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event is characterized by less stable post-shift conditions (weak press disturbance).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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selection of the GAM was taken as support for gradual variability in
a time series.

2.2.3. Amplitude as a measure of ecosystem importance of the PDO
While change in the ‘‘regime’’ behavior of the PDO might be

indicated by changes in a suite of statistical parameters (e.g.,
amplitude, SD, AR1 coefficients), we used amplitude (average abso-
lute value) as our metric for the sake of consistency with earlier
studies (Bond et al., 2003; Yeh et al., 2011). Specifically, we tested
the hypothesis that a decline in amplitude of the winter (NDJFM)
PDO was associated with a decline in the strength of the commu-
nity-level biological response to the PDO. Our response variable
in this analysis was the average correlation strength between the
individual biological time series and PC1biol, calculated on a 15-
year sliding window to match the length of L in STARS analysis.
This PC score tracks the large-scale biological responses that have
previously been associated with PDO forcing (Section 3.1), and we
reasoned that the 15-year moving average of correlation strength
between the PC score and its component time series provides a
measure of the amount of variability associated with the leading
PC axis. PDO amplitude was also calculated as a 15-year moving
average. The correlation between PDO amplitude and the biologi-
cal response variable was analyzed with the Modified Chelton
method to account for autocorrelation (Pyper and Peterman,
1998), and we use the notation n0 and P0 to report the adjusted
sample size and probability, respectively, for this analysis.

2.2.4. Outlook for an ecosystem shift in the 2000s
2.2.4.1. Biology. We began evaluating the possible biological re-
sponse to the putative 2007/08 climate regime shift by comparing
the 2007/08 change in the PC1biol–PC2biol phase space with
changes during the rest of the time series. Phase space change be-
tween year t and year t � 1 was calculated as the length of the
hypotenuse created by vectors on the PC1biol and PC2biol axes:

total change ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðPC1t � PC1t�1Þ2 þ ðPC2t � PC2t�1Þ2

q
:

We tested the hypothesis that the 2007/08 change was the largest
in the entire time series using an ad hoc randomization approach
that accounted for the uncertainty in our estimates of PC scores in
years with missing time series values. Note that this approach as-
sumes that uncertainty for PC scores in years with no missing val-
ues is negligible. The analysis followed three steps:

(1) We created 1000 randomized, paired PC1biol, PC2biol time
series for the years 1965–2008. For years when no time ser-
ies values were missing, PC scores were fixed at the observed
level. For years with missing values, PC scores were ran-
domly drawn from a normal distribution defined by the
mean and SD for each PC score for the year in question, as
estimated by multiple imputation (Section 2.2.1).

(2) We calculated the change in the PC1biol–PC2biol phase space
for each of the 43 year-to-year changes in all 1000
randomizations.

(3) We used standard normal probabilities (z-scores) to test the
null hypothesis that the 2007/08 change came from the
same distribution as the other 42 year-to-year changes, with
separate z-scores calculated for all 1000 randomizations. The
average of all z-scores was used to estimate the probability
that the 2007/08 change came from the same distribution
as the other year-to-year changes, given the uncertainty
around PC scores for years with missing values.

2.2.4.2. Climate. A central question for the putative 2007/08 shift,
or any other possible climate regime shift, is whether post-shift
climate anomalies will last long enough to cause lasting ecological
change. We calculated the SD of winter (NDJFM) PDO Index values
on a 10-year moving window (i.e., the longest window that could
be calculated to span the 2007/08 event with available data), and
examined the resulting time series for characteristics that might
distinguish ecologically important shifts (e.g., 1976/77) from less
ecologically important shifts (e.g., 1988/89). The resulting time ser-
ies of PDO variability (Fig. 2) suggests that ecologically important
shifts are characterized by a sharp peak in variability of the climate
variable of interest, indicating high variability centered on the shift
event (i.e., a strong pulse disturbance), and lower variability after
the event, consistent with maintenance of post-shift conditions
(i.e., a persistent press disturbance). Based on these observations,
we compared the pulse and press characteristics of 2007/08 with
1976/77 and 1988/89 in order to evaluate the possible ecological
importance of this most recent event. We used winter (NDJFM) val-
ues of both the PDO and NPGO indices in this analysis, as ecologi-
cally important change in the PDO tends to coincide with change in
the NPGO (Di Lorenzo et al., 2008). We compared the size of the
pulse disturbance (i.e., variability across the shift) using the aver-
age SD for the PDO and NPGO during 10-year windows centered
on the events of interest. Only 5 years of data (2008–12) were
available to characterize the press disturbance (i.e., variability fol-
lowing the shift) for the putative 2007/08 event, so we used 5-year
SD values to compare mean PDO-NPGO variability among different
post-shift climate regimes (1965–1976, 1977–88, 1989–2007,
2008–12). Values for the winter 2013 PDO, but not the winter
2013 NPGO, became available while this paper was in review. In
the interest of extending our analysis of post-2007/08 stability
through an additional year, we estimated the 2013 NPGO using
multiple imputation with JAS values of the NPGO and NDJFM val-
ues of PC2 of detrended North Pacific SST (from the ERSSTv.3b data
set) as predictor variables. The resulting estimate of the winter
2013 NPGO (1.05, 95% CI = �0.27–2.36), allowed us to estimate
SD for two 5-year windows following the putative 2007/08 shift.
Different 5-year SD values within individual regimes violated
assumptions of independence, so we used a randomized ANOVA
(Manly, 2006) to test the null hypothesis that SD values did not
differ among the regimes. We resampled the PDO and NPGO time
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series, with replacement, 1000 times, calculated SD values for 5-
year windows for each of the permutations, and calculated the pro-
portion of permutations with F-statistics more extreme than that
observed in the actual data. Pairwise differences between regimes
were tested for significance by comparing standard normal proba-
bilities (z-scores) for pairwise differences from the observed data
with pairwise differences from the 1000 random permutations.
As randomized permutations for the NPGO time series included
the distribution of 2013 values produced by multiple imputation,
this randomization procedure accounts for uncertainty associated
with estimating that value.
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3. Results

3.1. Leading axes of ecological variability

The PCA of large-scale climate index time series returned one
interpretable axis (PC1ci), which explained 34% of total variance,
with negative loadings for the Southern Oscillation Index and sum-
mer and winter values of the NPGO Index, and positive loadings for
the East Pacific/North Pacific teleconnection index, the North Paci-
fic Atmospheric Index, summer and winter values of the PDO In-
dex, and winter ENSO values (Fig. 3a).
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The PCA of local climate parameter time series produced four
interpretable axes. The first two PCs explained 27% and 14% of total
variance, respectively, 1.4 times the amount expected for the first
two PCs under the broken-stick distribution. The first PC (PC1cp)
had negative loadings for nine air and sea surface temperature
time series from southern California to the Bering Sea, as well as
for the Ocean Station Papa trajectory index and Kenai River stream
flow, and was positively correlated with Columbia River stream
flow (Fig. 3b). PC2cp was dominated by upwelling variability: five
upwelling indices (all but the southernmost in the study) had po-
sitive loadings, as did Kuskokwim River stream flow (Fig. 3c).

The biology time series PCA produced five interpretable axes,
and the first two axes explained 27% and 12% of total variance,
respectively, 2.9 times that expected under the null distribution.
PC1biol captured the ‘‘inverse production regimes’’ between Alas-
kan and West Coast salmon populations; seven Alaskan salmon
time series showed negative loadings, while five salmon time ser-
ies from the West Coast showed positive loadings (Fig. 3d). PC1biol

also expressed the tradeoff between East Pacific zooplankton phe-
nology and Gulf of Alaska shrimp catches (positive loadings) versus
values of the Northern Diversion Rate, Gulf of Alaska halibut
recruitment and West Coast sardine catch (negative loadings).
PC2biol was dominated by positive loadings on salmon time series,
both from Alaska (nine time series) and the West Coast (six time
series). PC2biol also showed positive loadings on California Current
zooplankton abundance and recruitment for West Coast sablefish,
West Coast mackerel and Bering Sea rock sole; and negative load-
ings on Bering Sea arrowtooth flounder recruitment and the Wash-
ington Oyster Condition Index (Fig. 3e). Complete PCA loadings are
presented in Tables SP.2–SP.4.
3.2. Abrupt vs. gradual models of variability

STARS identified one or two shift points in each PC time series
(Table 1), and ANOVA models that expressed temporal variability
as STARS-defined shifts among steady states were the best models
(lowest AICc scores) for four PC time series (PC1ci, PC1cp and PC2cp,
PC2biol, Fig. 4). A model of gradual temporal variability (GAM with
limited smoothness) was the best model only for the first axis of
biological variability (PC1biol, Fig. 4d). Model selection produced
generally large values of D-AICc, indicating strong support for
the best model in each case (Table 1).
3.3. PDO behavior as a measure of ecosystem forcing

We found that variability in PDO amplitude predicted the
strength of PC1biol. PDO amplitude declined precipitously begin-
ning in the mid-1990s, corresponding to the first 15-year windows
consisting entirely of data following the 1988/89 shift (Fig. 5). This
change in PDO behavior in turn had a linear relationship with the
strength of PC1biol (r = 0.71, P0 = 0.03).
Table 1
Summary of model selection results for Principle Component (PC) time series.

Data set PC score STARS-defined shifts year (P0) STA

Climate indices PC1ci 1977 (0.0007) 0.1
2008(0.02)

Climate parameters PC1cp 1977 (<0.0001) 0.0
2007 (0.006)

PC2cp 1983 (0.0002) 0.0
1998 (0.03)

Biology PC1biol 1980 (0.051) 0.9
PC2biol 1977 (0.0009) 0.7

1996 (0.0008)
3.4. Assessing the putative 2007/08 climate shift

3.4.1. Biology
PC1biol and PC2biol both showed noticeable departures from pre-

vious mean values in 2008, the last year that these PC scores could
be estimated for the full set of biology time series, though single-
year departures were not sufficient to establish new STARS-defined
states (Fig. 4d and e). The magnitude of the estimated 2007/08
change in the PC1biol–PC2biol phase space (5.51 units) was 311%
that of the 1966–2007 mean (Fig. 6). In each of the 1000 random-
izations, the 2007/08 change was significantly different from the
other 42 year-to-year changes (smallest z-score in the 1000 ran-
domizations = 2.95, corresponding to P = 0.002). The average z-
score across all randomizations was 5.53, corresponding to
P < 0.00001, and providing very strong support for the alternate
hypothesis that the 2007/08 PC1biol–PC2biol change was larger than
any other year-to-year change in the time series, even when uncer-
tainty due to missing values was taken into account.

Using a separate round of PCA and multiple imputation on a
subset of biology time series (n = 23, Table SP.1) that could be up-
dated at least through 2010, we were able to estimate biology PC
scores through 2011 to make inferences about the persistence of
the dramatic PC1biol–PC2biol change in the full data set. The two
leading PCs were well correlated for the full and restricted data
sets for the years of overlap (i.e., 1965–2008; PC1biol, r = 0.97;
PC2biol, r = 0.92, Fig. 7), indicating that the restricted data set
tracked leading modes of variability from the full data set. STARS
analysis of the extended biology time series failed to support the
hypothesis of a shift in mean state for either PC1biol or PC2biol fol-
lowing 2007/08 (P0 > 0.2, Fig. 7), suggesting that the 2007/08
change was not the beginning of a persistent, dramatic change in
community state.
3.4.2. Climate
STARS showed a shift in mean values for axis 1 of large-scale cli-

mate indices (PC1ci) during 2007/08 (P0 = 0.02, Fig. 4a), and a shift
in axis 1 of local climate parameters (PC1cp, P0 = 0.006, Fig. 4b) in
2006/07. Recent years in the PDO-NPGO phase space show an
apparent transition to a PDO negative, NPGO-positive state since
2007/08 (Fig. 8a).

The size of pulse perturbations (average of 10-year SD for PDO
and NPGO) was similar for the 1976/77 (0.96), 1988/89 (0.99) and
2007/08 (0.99) shifts. However, the persistence of the subsequent
press perturbations (mean 5-year SD) was very different among
the post-shift regimes (randomized ANOVA, P = 0.03). Specifically,
the 1965–76 and 1977–88 regimes had a significantly lower mean
PDO-NPGO variability than did the 1989–2007 period (1965–1976
vs. 1989–2007: P = 0.01; 1977–1988 vs. 1989–2007: P = 0.01,
Fig. 8b). Additionally, the 2008–13 period, which included the esti-
mated value for the 2013 NPGO, had lower variability than 1989–
2007 (P = 0.03).
RS-estimated AR1 GAM EDF GAM D-AICc ANOVA D-AICc
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4. Discussion

Anthropogenic warming of North Pacific surface waters has be-
come apparent over the past �40 years, and is expected to inten-
sify in coming decades (Hegerl et al., 2007). However, the PDO
spatial pattern in North Pacific SST is reproduced by a number of
general circulation models (GCMs), and predictions of continued
importance of the PDO during the 21st century have been derived
from ensemble projections using GCMs that were skillful in
producing the 20th century PDO pattern (Overland and Wang,



Fig. 7. Assessing the persistence of post-2007/08 change in (a) PC1biol, and (b)
PC2biol, using a partial set of biology time series that could be updated at least
through 2010. Error bars for PC scores calculated from partial data sets = 95% CI, and
reflect uncertainty associated with estimating missing values. Time series for PC
scores from full data set are plotted for comparison, with error bars omitted for
clarity. Dashed vertical lines indicate 1976/77 climate regime shift and putative
2007/08 shift. STARS failed to detect a shift following 2007/08 for either PC time
series calculated from the partial data set (P0 > 0.2).
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2007). An alternate view is given by observations of 21st century
declines in PDO variance, and increases in NPGO variance, in
GCM projections (Di Lorenzo et al., 2008), suggesting that the
reductions in PDO variance and amplitude observed in recent dec-
ades (Fig. 5) are part of a long-term change. In this context, the re-
cent run of consistently negative PDO values (Fig. 8a) is
noteworthy, as it has been interpreted by some as an indication
of a switch to a negative PDO state (Cai and van Rensch, 2012),
and a resumption of strong PDO effects on black-legged kittiwake
(Rissa tridactyla) diet and reproductive success in the Gulf of Alaska
(Hatch, 2013) and Pacific sardine recruitment in the California Cur-
rent (Zwolinski and Demer, 2012; Deyle et al., 2013), but see Mac-
Call et al. (2012).

While it is unsurprising that the first PC of large-scale climate
indices (PC1ci) was better described by threshold, rather than grad-
ual, modes of temporal variability (Overland et al., 2010; Di Lore-
nzo and Ohman, 2013), our finding that PC2biol, PC1cp and PC2cp

were best described by threshold models confirms the importance
of abrupt change events in North Pacific ecology since 1965 (Fig. 4).
On the other hand, PC1biol was much better described by a gradual,
rather than threshold model (D-AICc = 42.5, Fig. 4d). Although our
analysis cannot distinguish between biological tracking of incre-
mental change in forcing mechanisms and gradual transitions to
equilibrium following perturbation (e.g., Frank et al., 2011), our
observation of gradual change in this leading axis of biological var-
iability both underscores the need to consider incremental forcing
mechanisms such as habitat loss, fishing and anthropogenic cli-
mate change in attempts to understand basin-scale patterns of bio-
logical variability, and the dangers of applying abrupt shift models
uncritically to all instances of dramatic change in time series
(Spencer et al., 2012). In particular, the salmon populations that
dominate PC1biol (Fig. 3d) have been negatively affected by incre-
mental degradation of freshwater habitat over the southern part
of their range during our study period (Nehlsen, 1997). In Alaska,
a linear climate trend of rising SST, decreasing SLP and rising fresh-
water input, independent of leading modes of internal climate var-
iability, shows a strong statistical relationship with PC1biol

variability (Litzow et al., in press), suggesting another potential
source of gradual change in PC1biol. Thus, while PDO variability
may continue to play an important role in driving biological vari-
ability in the northeast Pacific, especially with an apparent
resumption in PDO forcing following 2007/08 (Fig. 8), a view of
the PDO as the dominant factor in explaining biological variability
in the region may not be tenable.

While the PC1biol time series was not dominated by abrupt
shifts, we did find correspondence between the amplitude of the
PDO and the strength of PC1biol, as measured by the average
strength of correlation with individual time series (Fig. 5). Studies
of the ecological effects of climate regime shifts have typically con-
centrated on coherent shifts in climate and biology time series
(e.g., Mantua et al., 1997; Hare and Mantua, 2000; Benson and
Trites, 2002); to our knowledge, this approach of evaluating the
association between the strength of a climate signal and the
strength of the biological response is unique. Change in the
strength of PC1biol (Fig. 5) implies non-stationary patterns of eco-
logical variability in the North Pacific that are coincident with a
shift in the relative importance of leading axes of natural climate
variability documented by previous studies (Bond et al., 2003; Di
Lorenzo et al., 2008; Yeh et al., 2011). Such non-stationary patterns
of community-level biological variability are conceptually similar
to the idea of novel community combinations under different cli-
mates (Parmesan et al., 2005), and they represent a rarely-consid-
ered challenge for scenarios of ecological response to future
climate states.

The underlying dynamics for basin-scale climate-biology covari-
ation are population-specific responses to basin-scale propagation
of climate signals through teleconnections (Schwing et al., 2010).
Community-level variability arises both through responses to
climate variability that are synchronous across populations and
species (Wilderbuer et al., 2002; Mueter et al., 2007), as well as spe-
cies interactions (e.g., predation, competition) that are sensitive to
climate (Litzow and Ciannelli, 2007; Poloczanska et al., 2008).
However, understanding of the mechanisms by which climate var-
iability regulates individual populations in our study region is
incomplete (Mueter et al., 2007), and such an understanding is
made more difficult by the expectation that these mechanisms
may be nonstationary over space and time (Mueter et al., 2002;
Ciannelli et al., 2004; Litzow and Ciannelli, 2007). Furthermore,
community-level responses are subject to the complex dynamics
that arise when individual population-level responses are compiled
(Drake, 1991), and mechanistic understanding of community-level
variability is currently beyond our reach. Climate-biology
covariation at large spatial scales is therefore studied with the
indicator approach that we use here, which contributes to a phe-
nomenological understanding based on the observation of past
events (e.g., deYoung et al., 2004, 2008; Möllmann and Diekmann,
2012). Although the PDO pattern is believed to have been estab-
lished for centuries (Gedalof et al., 2002) only one ecologically
strong PDO shift (1976/77) and one ecologically weak shift (1988/
89) have occurred during the period for which community-wide
biological data are available. With such a small sample of past
events to compare to, our understanding remains highly subject
to event-by-event variability and surprises, and these limitations
to our understanding become particularly clear when we are con-
fronted with an event of potential significance in both climate
and biology, such as the putative 2007/08 shift in the PDO and
NPGO (Fig. 8a).

Observation of past climate regime shifts led to interest in devel-
oping methods for early recognition of climate regime shifts as they
occurred (e.g., with STARS, Rodionov, 2006). However, in spite of
the strong decadal-scale variability in climate indices such as the
PDO, there is also considerable interannual variability, and the rec-
ognition of statistically significant departures from past values is no
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guarantee of stability in a new climate state, particularly when cli-
mate regime shifts are understood as the result of red noise pro-
cesses (Bond et al., 2003; Peterson and Schwing, 2003; Litzow,
2006). As such, our ‘‘pulse-press’’ approach is merely a way to for-
malize the need for adequate observation that has always existed
when assessing putative shifts.

Although the putative 2007/08 shift currently appears to have
been large enough, and persistent enough, to be ecologically
important, available data do not support the hypothesis of wide-
spread ecological response to this event. On one hand, the PDO-
negative, NPGO-positive conditions that have existed since the
shift (Fig. 8a) are consistent with the simultaneous change in both
indices that is associated with ecologically-important climate re-
gime shifts (Di Lorenzo et al., 2008), and the persistent press per-
turbation following the 2007/08 event appears similar to that
following the ecologically-important 1976/77 shift (Fig. 8b). Fur-
thermore, the 2007/08 change in PC1biol-PC2biol phase space was
by far the largest in the record for the full set of biology time series
(Fig. 6), which is strongly suggestive of an incipient large-scale bio-
logical response to the PDO/NPGO shift. However, the subset of
biology time series that could be updated at least through 2010
do not show evidence of persistent change: neither PC1biol

(Fig. 7a) nor PC2biol (Fig. 7b) calculated from the partial data set
show evidence of an abrupt change in mean values during 2008–
2011. Because most of the Hare and Mantua (2000) biology param-
eters are lagged (to cohort strength at age-0 or year of ocean entry),
an immediate, or short-lag, response to climate variability is ex-
pected, and available biological data do not show such a response
to the 2007/08 shift. While we made every effort to ensure data
quality at the end of time series by, for instance, removing recent
model-derived recruitment estimates that have not yet been
empirically evaluated, we caution that there may be sources of var-
iability towards the ends of biological time series of which we are
unaware, and more years of observation will be needed before we
are certain that our evaluation of post-2007/08 community vari-
ability is not to some degree an artefact of our data. Additionally,
non-linear behavior consistent with alternative stable states has
been demonstrated for several populations in the region (Hsieh
et al., 2005; Hsieh and Ohman, 2006). While alternate stable state
dynamics have not been demonstrated for community-level bio-
logical variability at the scale of the northeast Pacific, such com-
plex behavior would suggest the possibility of both hysteresis
(i.e., resilience to reversibility of the ecological consequences of
the 1976/77 PDO switch) and/or a sudden ecological response, at
an unknown threshold, to ongoing PDO-negative, NPGO-positive
forcing (Scheffer et al., 2001). Both possibilities suggest that eco-
logical response to a climate regime shift need not be immediate
and may be gradual, as in the case of past PC1biol variability. A
key question for continued monitoring for possible ecological con-
sequences of the 2007/08 event therefore becomes whether the
remarkable stability in the PDO and NPGO Indices over recent
years (Fig. 8) will continue. La Niña conditions are often associated
with negative PDO values (Yeh et al., 2011), and the tropical Pacific
has experienced three Niña winters and one Niño winter since
2007 (Bjorkstedt et al., 2011; www.cpc.ncep.noaa.gov/products/
analysis_monitoring/ensostuff/ensoyears.shtml). Accordingly, an
important indication of the persistence of the recent PDO-negative
state will come with the next reversion to El Niño conditions.
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