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Wind-driven coastal ocean upwelling supplies nutrients to the
euphotic zone near the coast. Nutrients fuel the growth of phy-
toplankton, the base of a very productive coastal marine ecosys-
tem [Pauly D, Christensen V (1995) Nature 374:255–257]. Because
nutrient supply and phytoplankton biomass in shelf waters are
highly sensitive to variation in upwelling-driven circulation, shifts
in the timing and strength of upwelling may alter basic nutrient
and carbon fluxes through marine food webs. We show how a
1-month delay in the 2005 spring transition to upwelling-favorable
wind stress in the northern California Current Large Marine Eco-
system resulted in numerous anomalies: warm water, low nutrient
levels, low primary productivity, and an unprecedented low re-
cruitment of rocky intertidal organisms. The delay was associated
with 20- to 40-day wind oscillations accompanying a southward
shift of the jet stream. Early in the upwelling season (May–July) off
Oregon, the cumulative upwelling-favorable wind stress was the
lowest in 20 years, nearshore surface waters averaged 2°C warmer
than normal, surf-zone chlorophyll-a and nutrients were 50% and
30% less than normal, respectively, and densities of recruits of
mussels and barnacles were reduced by 83% and 66%, respec-
tively. Delayed early-season upwelling and stronger late-season
upwelling are consistent with predictions of the influence of global
warming on coastal upwelling regions.
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Equatorward winds along the eastern boundaries of the world’s
oceans drive offshore surface Ekman transport and the up-

welling of cold, nutrient-rich water into the euphotic zone near the
coast. These nutrient pulses stimulate high phytoplankton produc-
tion, which, in turn, supports a rich coastal marine ecosystem and
productive fisheries (1). Examples of such dynamics include the
California Current, the Humboldt Current, the Benguela Current,
and the Canary Current (2).

The strength and extent of the seasonal cycle in upwelling-
favorable winds varies along the U.S. west coast. In the northern
California Current Large Marine Ecosystem (CCLME), there is a
strong seasonal cycle with upwelling-favorable winds, the appear-
ance of cold, saline, nutrient-rich water near the coast, and equa-
torward currents over the shelf occurring after a spring transition
(3). Alongshore winds in the northern CCLME are more variable
than those farther south because they are more frequently influ-
enced by eastward-traveling Gulf of Alaska low-pressure systems.
The intermittent cessation of upwelling-favorable winds is called
relaxation and plays an important role in coastal circulation and the
recruitment of marine organisms††. The timing of the spring
transition and the total amount of upwelling-favorable winds during
the spring–summer upwelling season have a considerable impact on
coastal ecosystem responses. Farther south in the CCLME, winds
are more persistently upwelling-favorable and the transition to a
more productive spring–summer season is less pronounced. The
extent to which the timing of the spring transition and the intensity

of upwelling-favorable winds might be influenced by climate vari-
ability is an area of active research (5, 6).

Spatial and temporal changes in nutrient availability and phyto-
plankton biomass propagate up marine food webs and may strongly
mediate the structure and dynamics of nearshore ecological com-
munities (7). Decreased upwelling can have two effects: reduced
nutrient supply to phytoplankton (8) and reduced offshore trans-
port of phytoplankton and planktonic fish and invertebrate larvae
that are crucial for replenishing coastal populations (9). Nutrient
and phytoplankton reductions may decrease zooplankton (includ-
ing larvae) survival, and thus decrease recruitment rates of plank-
totrophic larvae. Slower offshore transport could have the opposite
effect, with greater retention and increased recruitment rates.
When intraseasonal variations in upwelling forcing are substantial,
changes in the timing of phytoplankton blooms can potentially
decouple food availability from consumer demands (10). Such
temporal trophic mismatches may have particularly important
effects on recruitment class strength in fish and invertebrates (11).

Recruitment patterns of rocky shore barnacles and mussels can
provide insight into the dynamics of inner-shelf ecosystems (12).
Sessile adult barnacles and mussels release larvae or gametes into
the water that spend �2–4 weeks in the plankton, feeding on small
plankton for their sustenance (13). Larvae develop until they are
competent to settle, then they must be transported back to shore if
they are to recruit and begin life as tiny sessile barnacles or mussels.
Growth rates, settlement sizes, and survival of mussel larvae, and
probably barnacle larvae, depend on phytoplankton concentration
that, in turn, depends on nutrients provided by upwelling events
(14). Previous work has documented that both barnacles and
mussels recruit heavily but intermittently throughout summer in
Oregon (9). Recruitment events of barnacles in California (15) and
Oregon†† often follow upwelling relaxation, i.e., times when larvae
are transported shoreward.

Barnacles and mussels create 3D spatial structure (habitat) in
rocky intertidal communities and are the primary food for many
predators (16). Barnacle and mussel juveniles and adults are
abundant and relatively easy to monitor and have similar life
histories to numerous other ecologically or economically important
pelagic and benthic inner-shelf species. Consequently, they are good
surrogates for many other inner-shelf species with respect to the
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impact of environmental changes in the inner shelf. There are few
long-term, ecological time series available for the detection and
quantification of ocean ecosystem responses to environmental

change. We use a long-term set of physical, chemical, and biological
measurements to examine the unusual presence of warm water, low
nutrients and low chlorophyll-a (chl-a) near the coast during 2005
that led to unprecedented low recruitment of rocky intertidal
organisms in the northern CCLME during the early upwelling
season.

Results and Discussion
Perturbations to Upwelling Regime. Year-to-year differences in the
timing of the spring transition and the total amount of seasonal
upwelling-favorable winds may have considerable impact on coastal
ecosystem responses. Off central Oregon (44.62°N) where winds
have a pronounced seasonal cycle, anomalous winds in 2005 were
dominated by five strong, northward wind events, separated by
20–40 days, during March–July (Fig. 1A). The onset of unusually
strong, upwelling-favorable winds off central Oregon in early to
mid-July coincided with a northward shift of �1,000 km in the
position of the jet stream (Fig. 1A). A map of 200-hPa surface
height during the mid-May northward wind event that occurred
before this northward shift shows a jet-stream position, and hence
storm track, more typical of wintertime conditions (17) compared
with a typical summertime jet-stream location in mid-July after the
shift (Fig. 2).

Off central California (37.36°N), 2005 winds were not unusual
except for perhaps some stronger-than-normal southward winds
from April to June (Fig. 1B). Off of southern California (34.72°N),
but outside the southern California Bight lee region, there were two
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Fig. 1. Alongshore wind stress off the U.S. west coast. (A–C) Alongshore wind
stress from three west-coast buoys: Newport, OR (A), Monterey Bay, CA (B), and
Point Conception, CA (C). Values for 2005 (blue) are plotted on top of the
climatologicalmean(black) �1SD(gray shading) for1985–2005. In A, thedashed
curve is the north–south position of the jet stream, and the two arrows indicate
the times of maps shown in Fig. 2. (D) Cumulative alongshore (north–south) wind
stress from National Oceanic and Atmospheric Administration NDBC Buoy 46050
offshore of Newport, OR, starting from the spring transition. The black curve and
shading represent the mean � 1 SD for 1985–2005, and the blue curve is for 2005.
At zero cumulative wind stress, the black curve and shading represent the mean
and �1 SD of the date of the spring transition, and the blue line represents the
date of the 2005 spring transition. The 2005 curves are dark blue when absolute
values exceed any observed values during the previous 20 years. Data locations
are indicated at lower left.
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Fig. 2. Maps of 200-hPa surface height (m, blue contours) and wind speed at
300 hPa (m�s�1, color shading), from six hourly National Centers for Environmen-
tal Prediction reanalyses (25) when the jet stream is located anomalously south
(May 20, 2005, 1200 Coordinated Universal Time; A) and in its more typical
summer position (July 19, 2005, 0000 Coordinated Universal Time; B). Wind
speeds �35 m�s�1 are shown, with color increments at 45, 55, and 65 m�s�1.
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