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Abstract Fish otolith growth increments were used as
indices of annual production at nine nearshore sites within
the Alaska Coastal Current (downwelling region) and California Current (upwelling region) systems (~36–60°N).
Black rockfish (Sebastes melanops) and kelp greenling
(Hexagrammos decagrammus) were identified as useful indicators in pelagic and benthic nearshore food webs,
respectively. To examine the support for bottom-up limitations, common oceanographic indices of production [sea
surface temperature (SST), upwelling, and chlorophyll-a
concentration] during summer (April–September) were
compared to spatial and temporal differences in fish growth
using linear mixed models. The relationship between
pelagic black rockfish growth and SST was positive in the
cooler Alaska Coastal Current and negative in the warmer
California Current. These contrasting growth responses to
SST among current systems are consistent with the optimal

stability window hypothesis in which pelagic production is
maximized at intermediate levels of water column stability. Increased growth rates of black rockfish were associated with higher chlorophyll concentrations in the California Current only, but black rockfish growth was unrelated
to the upwelling index in either current system. Benthic
kelp greenling growth rates were positively associated
with warmer temperatures and relaxation of downwelling
(upwelling index near zero) in the Alaska Coastal Current,
while none of the oceanographic indices were related to
their growth in the California Current. Overall, our results
are consistent with bottom-up forcing of nearshore marine
ecosystems—light and nutrients constrain primary production in pelagic food webs, and temperature constrains benthic food webs.
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Nearshore temperate kelp forests (defined here to be within
1 km of shore) are among the world’s most productive
marine habitats, supporting a diversity of ecologically and
economically important fish, bird, and mammal populations. Top-down competition and trophic cascades have
long been identified as important for ecosystem functioning
in these nearshore systems (Menge 2000), while bottomup controls have received less attention, due in large part
to abundant photosynthetic biomass from the combined
production of benthic macroalgae and water column phytoplankton (Duggins et al. 1989; von Biela et al. submitted), both of which provide a robust foraging base for a
variety of resident and nonresident species (Agardy et al.
2005). Indeed, bottom-up limitations may explain the high
interannual and spatial variability in nearshore production
(Harley et al. 2006; Cloern and Jassby 2008; Cavanaugh
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et al. 2011), but few hypotheses have been tested or developed to explain these patterns (Hoegh-Guldberg and Bruno
2010). Bottom-up processes operating offshore may also
be important, for example by contributing to the onshore
advection of nutrients or plankton (Steneck et al. 2002;
Barth et al. 2007; McPhee-Shaw et al. 2011). Disentangling
these processes and establishing climate–biology relationships are, however, limited by the availability of long-term
biological datasets for nearshore resident species, especially at upper trophic levels.
In offshore pelagic systems, sea surface temperature
(SST), upwelling, and chlorophyll concentrations are good
predictors of marine production and biomass at higher
trophic levels (Ware and Thomson 2005; Behrenfeld et al.
2006; Mueter et al. 2009; Demarcq 2009). Water column
stability can be related to SST (Boyce et al. 2010), with
cooler SST indicating stronger vertical mixing and availability of deep water nutrient sources (Sydeman and Allen
1999; Chavez and Messié 2009; Demarcq 2009; Black
et al. 2011) and warmer SST reflecting seasonal increases
in water column stability that support photosynthesis
(Mueter et al. 2009; Strom et al. 2010; Boyce et al. 2010).
Primary production may be maximized at intermediate
levels of water column stability with sufficient mixing to
replenish nutrients and enough stratification to retain phytoplankton in the photic zone (Sverdrup et al. 1942; Gargett
1997). Coastal upwelling indices are correlates for largescale vertical mixing of deeper, nutrient-rich water that
promotes production in nutrient-limited systems, or hinders production in light-limited systems that benefit from
increased stratification (Barth et al. 2007; Demarcq 2009;
Takahashi et al. 2012). Satellite-based chlorophyll-a indices approximate phytoplankton standing stock biomass
available to aquatic food webs; higher values of chlorophyll-a have been associated with increased fish catches
(Ware and Thomson 2005; Boyce et al. 2010).
In contrast to patterns found in pelagic systems, benthic production is associated with reduced upwelling
and warmer temperatures, which is consistent across
upwelling and downwelling regions (Phillips 2005; Blanchette et al. 2006). Warmer water present during downwelling or relaxed upwelling conditions may be associated
with increases in invertebrate larval recruitment if onshore
advection leads to delivery of zooplankton or detritus to
the benthic invertebrate communities (Phillips 2005; Blanchette et al. 2006). Growth rates of benthic consumers have
been linked to chlorophyll concentrations in some (Menge
et al. 1997) but not all cases examined (Phillips 2005; Blanchette et al. 2006).
To understand oceanographic influences on nearshore
systems, we developed a network of otolith growth records
from multiple sites spanning two current systems with
contrasting oceanography, and then we compared fish
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growth response to spatial and temporal variation in SST,
upwelling, and chlorophyll concentrations. Black rockfish (Sebastes melanops) and kelp greenling (Hexagrammos decagrammus) were identified for this study as useful
indicator species feeding in pelagic and benthic nearshore
food webs, respectively, because they are non-migratory,
nearshore resident species with generalist diets that can be
caught easily throughout a wide geographic range (Parker
et al. 2007; Freiwald 2009; Love 2011; Green and Starr
2011). Black rockfish feed in the water column on forage
fish including Pacific herring (Clupea pallasi), sand lance
(Ammodytes hexapterus), and juvenile salmon (Oncorhynchus spp.) and invertebrates, such as crab megalopae
(Love et al. 2002; Love 2011). Kelp greenling are benthic
generalists, foraging on a variety of benthic invertebrates
including snails, sea cucumbers, decorator crabs, and brittle
stars (Moulton 1977; Love 2011). Both species are widely
distributed from the Aleutian Islands to central California
(Love 2011), spanning the Alaska Coastal Current and
California Current and thus allowing comparisons between
downwelling and upwelling current systems (Fig. 1).
We considered hypotheses that examine bottom-up limits on nearshore production under the assumptions that
pelagic nearshore food webs are nutrient limited in the
California Current and light limited in the Alaska Coastal
Current at the level of primary production, and benthic
nearshore food webs are limited by temperature effects on
benthic invertebrates or primary production. Specifically,
we examined the following bottom-up hypotheses for the
pelagic nearshore using black rockfish: (H1) Fish growth is
positively associated with cooler summer temperatures in
the California Current and warmer summer temperatures in
the Alaska Coastal Current; (H2) fish growth is positively
associated with upwelling in the California Current system, and fish growth is negatively associated with downwelling in the Alaska Coastal Current system; and (H3)
fish growth in both current systems is positively associated
with local summer chlorophyll concentrations. Benthic
nearshore (i.e., kelp greenling) hypotheses are that: (H4)
Fish growth is positively associated with warmer temperatures in both systems; (H5) fish growth is positively associated with relaxation of upwelling in the California Current
and downwelling in the Alaska Current systems; and (H6)
fish growth is positively associated with local increases
in summer chlorophyll concentrations. As these hypotheses involve conditions in the current year of growth and
our focal species tend to consume prey >1 year old, our
analyses assume that changing conditions likely influence
nearshore fish by controlling the quality, rather than the
abundance, of their prey. The condition of key prey groups
(forage fish and invertebrates) is already known to respond
quickly (within the year) to environmental conditions (Astthorsson and Gislason 1998; Robards et al. 2002; Phillips
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Nearshore production was indexed using the annual growth
increments recorded in black rockfish and kelp greenling
otoliths collected at nine sites in the California Current
and Alaska Coastal Current (Table 1; Fig. 1). All fish were
captured within study site boundaries determined a priori
based on habitat characteristics. Study sites were characterized by rocky reef habitat, and the presence of macrophytes
(kelp), and sea otters (Enhydra lutris), a keystone predator
in nearshore systems known to increase community diversity and kelp production via top-down control of major
kelp grazers such as sea urchins (Strongylocentrotus spp.;
Steneck et al. 2002). Fish were captured using trammel
nets, spearfishing, and hook and line sampling in shallow
nearshore waters (<5 m depth).
Otoliths were embedded in epoxy and sectioned through
the nucleus on a transverse plane using a low-speed wafering saw to allow for measurements of annual growth
increments on a thin section approximately 0.5 mm thick
(Black et al. 2008). Measurements of each annual growth

Paul Island, Alaska Peninsula, Southwest Alaska
Katmai National Park and Preserve, Alaska Peninsula, Southcentral Alaska
Western Prince William Sound, Southcentral Alaska
Elfin Cove, northern Chichagof Island, Southeast Alaska
Whale Bay, southern Baranof Island, Southeast Alaska
Nuchatlitz, west Vancouver Island
Clayoquot Sound, west Vancouver Island
Neah Bay, Olympic Peninsula, Washington

Materials and methods

Site code

2005; Blanchette et al. 2006; MacFarlane 2010; Takahashi
et al. 2012).

Site

Fig. 1  Nearshore fish collection sites (solid dots) and generalized
nearshore current flow in summer (arrows) in the Alaska Coastal Current and California Current

Table 1  Collection sites, code, dates, and sample sizes for black rockfish and kelp greenling otoliths

Site area (km2) Buffered site
area (km2)
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increment, delineated from the interior edge of an opaque
zone to the outer edge of the next translucent zone, were
taken along a line perpendicular to the axis of growth on
a high-resolution image captured with a digital camera
(Leica DFC 425 or 450) mounted on a stereomicroscope
(Leica MZ6 or M60) under 20–40× magnification using
ImagePro Plus 7.0 software (Media Cybernetics, Rockville,
MD, USA) following Black et al. (2005). The first growth
increment was not included given that it represents age-0
growth when habitat and diet differ from later ages (Love
et al. 2002; Love 2011) nor was the last increment used
given that it is incomplete at the time of capture. The calendar year of each increment formation was assigned by
working backward from the year of capture at the outermost growth increment.
Each series of growth increments from a given location was cross-dated to ensure accuracy in year assignment
following methods of Black et al. (2005). Cross-dating is
principally a visual procedure, but was statistically verified using the computer program COFECHA (http://web.
utk.edu/~grissino/software.htm). In COFECHA, longterm trends, including age-related growth declines, were
removed and the growth pattern of each individual was correlated with the average of all others. A low correlation is
an indicator that an error may have occurred. In such cases,
the sample was visually re-inspected to identify any missed
or falsely added increments. At no time was cross-dating
‘forced’ on any individual; changes were made to measurements only if there was clear visual evidence that an error
had been made. Interseries correlations of black rockfish
and kelp greenling otolith growth records were compared to
those of other chronologies (Black et al. 2005, 2008, 2009)
to ensure a similar degree of synchrony among individuals,
as well as accurate age assignments and growth increment
delineation, before otolith growth records were interpreted
as an index of fish growth and ecosystem production.
The annual periodicity of increment formation, and thus
accuracy of black rockfish age assignments, is supported by
anomalous oxygen stable isotope values in otoliths associated with the 1983 El Niño event (Piner et al. 2005) and
bomb radiocarbon dating (K. Munk, Alaska Dep. of Fish
and Game, pers. comm.). Kelp greenling otolith yearly
increment deposition was validated with oxytetracycline
marks in the otoliths of captive fish (S. Hoobler, Calif.
Dep. of Fish and Wildlife, pers. comm.). Using otolith
growth increments as proxies for fish growth is supported
by strong positive correlations between otolith and somatic
size in black rockfish (Munk 2012) and kelp greenling (this
study; fork length in mm vs. otolith radius measured from
the focus to the ventral proximal edge on the longest axis in
microns of 50 randomly selected individuals; slope = 2.4;
r2 = 0.75, P < 0.05). To establish a series of growth increments from an individual for cross-dating, only fish aged
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5 years and older at capture were included in this study
(age range 5–40 years old) and the increments measured
spanned the subadult and adult growth history (increments
representing age-1 growth and beyond).
Monthly SST and chlorophyll-a data, gridded over
4-km resolution, and monthly coastal upwelling indices
were used to predict annual growth. Monthly mean values
were averaged over a 6-month productive summer period,
defined here as April–September following the definition
of Menge and Menge (2013). Summer averages were chosen to integrate growth conditions during formation of the
opaque zone, the larger component of an annual increment in otoliths of northern hemisphere fish (Beckman
and Wilson 1995). Monthly SST averages were extracted
from AVHRR PathFinder version 5.0 satellite SST data for
each site from 1982 to the year prior to collection (http://
www.nodc.noaa.gov/SatelliteData/pathfinder4km/userguide.html). For SST, the study site area included a 100km buffer (buffered site area in Table 1) to increase the
number of grid cells sampled (878–4079 pixels) and site
area (range 14,000–60,000 km2). In all cases, the spatial
extent of an SST calculation was truncated at the 200 m
isobath. We made no attempt to interpolate missing data,
which represented 13 % of pixels in an average month. At
all sites, chlorophyll-a concentrations (mg/m3) were available from MODIS-Aqua satellite data with 4-km resolution from 2003 to the year prior to collection (May 2012
release, http://oceancolor.gsfc.nasa.gov/). For chlorophyll
analyses, study sites did not include a 100-km buffer
because the possibility of patchy chlorophyll distributions
makes localized data more desirable, even at the expense
of reducing the number of grid cells sampled (62–279 pixels). On average, 12 % of pixels had missing chlorophyll
data. Upwelling indices were obtained from the Pacific
Fisheries Environmental Laboratory (http://www.pfeg.
noaa.gov/) for the latitude and longitude closest to each
study area and for all years with increment growth data.
When an entire month of data for an environmental variable was missing, the site and year were dropped from the
analysis.
Hypotheses relating annual growth to summer conditions were tested using linear mixed models to account for
intrinsic (age or size) and extrinsic (environmental) growth
components using the ‘nlme’ package in the statistical program R (Weisberg et al. 2010; Morrongiello et al. 2011; R
Development Core Team 2013). All models included age
during increment formation as an intrinsic component to
account for faster growth when fish are young (Morrongiello et al. 2011). Annual otolith increment widths and age
were log-transformed prior to analysis to achieve homoscedasticity and a linear relationship between these two
variables. Growth intercepts (increment width at age-0)
for individual fish were included as random effects nested
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within a random site effect, in addition to an overall model
intercept across all sites. Black rockfish models also
included random slope terms for the fixed age effect that
modified the effect of age on growth for individual fish
nested within sites, essentially fitting an individual growth
trajectory to each fish and site. In doing so, the model
varied the relationship between age and increment width
around the site-specific mean slope. Models predicting
kelp greenling annual growth increments did not converge
when random slopes were included for each individual, so
only random intercepts were included. Random intercepts
and slopes provided a mean of detrending age-related
growth for each individual, similar to techniques that have
traditionally been used in dendrochronology studies. Inclusion of site as a random intercept and slope effect allowed
for local site-specific deviations from the overall model
intercept and slope. Models independently considered the
extrinsic influence of SST, upwelling, or chlorophyll concentration as fixed effects. Only one extrinsic influence
was considered at a time so that all available data could
be used, rather than truncating all models to data with the
shortest time series.
Models were formulated to allow the relationships
between annual otolith growth increments (µm y−1) and
summer SST, upwelling, or chlorophyll to vary by current
system. The width of an annual increment in year t, at site
k, for individual i is ytki and was estimated as:

 

′
′
ytki = α + ak + ai(k)
+ β + bk + bi(k)
Xti + γc SSTtk + εtki ,

(1)
′
where α is the fixed intercept and ak and ai(k)
are the random deviations in the intercept for each site, k, and individual, i, nested within sites, respectively. Similarly, the
decline in growth with age (Xti) is described by a fixed
slope, β, a random site deviation, bk, and an individual
′ . The growth response to SST (SST ) in year
deviation, bi(k)
tk
t differed by current system as a fixed effect (γc ). The variance–covariance structure of the random effects is given
by:
 ′ 
 
ai(k)
ak
∼ N(0, Ψ 2 ),
∼ N(0, Ψ 1 )
bi(k) =
bk =
′
bi(k)
bk

where bk is the site-level random effects vector, assumed to
be independent for different k, bi(k) is the individual within
site-level random effects vector, assumed to be independent for different i, k and independent of the bk, and Ψ 1 and
Ψ 2 are unstructured 2 × 2 variance–covariance matrices.
The errors εtki are assumed to be first-order autocorrelated
within individuals and independent of the random effects,
such that:

εtki = φ · εt−1,ki + νt

and νt ∼ N(0, σν2 ),

where φ is the first-order autoregressive coefficient and νt
is a normally distributed variable with mean 0 and variance
σν2. Autocorrelation was included to capture time series patterns in growth anomalies that could not be explained by
the selected covariates. Upwelling, UWtk, or chlorophyll
concentrations, Chlatk, were considered in lieu of SST by
substituting these terms for SSTtk in Eq (1).
The kelp greenling global model without random slope
effects for age was:



′
+ βXti + γc SSTtk + εtki .
ytki = α + ak + ai(k)

(2)

As with black rockfish, UWtk and Chlatk were substituted for SSTtk when appropriate, to test their effects on
growth increments.
Models were initially fitted using maximum likelihood
for model comparisons, with the best model refitted using
restricted maximum likelihood to obtain unbiased coefficients (Pinheiro and Bates 2000). Nested model formulations with and without each environmental effect were
compared using the Akaike information criterion to determine the best fit (Burnham and Anderson 2001). Individual coefficients were evaluated using a statistical significance level of P < 0.05 and depicted using output from the
‘effects’ package in R (R Development Core Team 2013).
Multicollinearity among SST, upwelling, and chlorophyll
was examined within each site using linear regression.

Results
Black rockfish from the Alaska Coastal Current were often
20–30 years old and yielded records spanning the 1980s
through the 2000s, while black rockfish from the California Current and kelp greenling from both current systems
were generally ≤10 years old and provided annual otolith
growth increments primarily during 2000–2010 (Fig. 2).
For both species, growth increment sample sizes were
largest in the 2000s. Correlations between individual time
series of detrended annual growth increments and the average of all others (the series intercorrelation, as provided by
COFECHA) ranged from 0.37 to 0.70 (Table 2).
Mixed models supported hypotheses relating SST to
black rockfish and kelp greenling growth. Inclusion of
current-specific SST effects improved models of annual
black rockfish and kelp greenling growth compared to
SST models with either a single linear effect applied to
both current systems or no effect (Table 3). Pelagic black
rockfish growth was faster with warmer SST in the Alaska
Coastal Current (Fig. 3a, P = 0.0003 for SST coefficient)
and cooler SST in the California Current (Fig. 3b, P = 0.01
for SST coefficient). Kelp greenling growth increased
with warmer SST in the Alaska Coastal Current (Fig. 4a,
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Table 2  Interseries correlations (measure of common signal strength
in each time series) for growth increments of black rockfish and kelp
greenling captured at sites in the northeast Pacific Ocean
Site

Black rockfish

Kelp greenling

APEN

0.54 (n = 26)

n/a

0.37 (n = 36)

0.70 (n = 9)

KATM
WPWS
ELFI
WHAL
NUCH
CLAY
WASH
BIGS
Fig. 2  Annual otolith growth increment sample sizes by growth year
for black rockfish and kelp greenling captured in the Alaska Coastal
Current (ACC) and California Current (CC). All growth increments
were from individuals at least 5 years old and measured increments
spanned the subadult and adult growth history (increments representing age-1 growth and beyond). Black rockfish are longer lived than
kelp greenling and provided longer data records, particularly in the
ACC. Sea surface temperature analyses included increments during
1982–2009, upwelling analyses included all increments, and chlorophyll analyses included increments during 2003–2011

P = 0.0004) and had a similar, albeit statistically nonsignificant, relationships with SST in the California Current
(Fig. 4b, P = 0.1).
Inclusion of upwelling or chlorophyll concentration
did not consistently improve models of black rockfish
and kelp greenling growth. Upwelling was related to the
growth of kelp greenling, but not black rockfish (Table 3;
Fig. 3c, P = 1.0; and 3d, P = 0.08). Relaxed downwelling
was associated with improved kelp greenling growth in the
Alaska Coastal Current (Fig. 4c, P = 0.0003), but no relationship was observed between upwelling and kelp greenling growth in the California Current (Fig. 4d, P = 0.3).
Chlorophyll concentrations improved annual growth predictions for black rockfish, but not kelp greenling (Table 3).
Black rockfish grew faster during years of higher summer chlorophyll concentration in the California Current
(Fig. 3f, P = 0.006); a similar trend was present in the
Alaska Coastal Current (Fig. 3e, P = 0.07). Kelp greenling growth was not related to chlorophyll in the California (Fig. 4e, P = 0.3) or Alaska Coastal Currents (Fig. 4f,
P = 0.4). Multicollinearity was weak among environmental
variables at each site (Table 4).

Discussion
Our results support the presence of bottom-up limitations on production in nearshore kelp forests. The
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0.41 (n = 35)

0.67 (n = 6)

0.41 (n = 35)

0.47 (n = 23)

0.41 (n = 26)

0.41 (n = 28)

0.49 (n = 37)

0.49 (n = 29)

0.58 (n = 11)

0.45 (n = 28)

0.51 (n = 23)

0.57 (n = 14)

0.51 (n = 31)
0.50 (n = 9)

Sample size (n) refers to the number of fish that were >5 years old
and could be cross-dated

climate–growth patterns observed across current systems
and species are consistent with nearshore pelagic food webs
limited by a combination of nutrients and light at the level
of primary producers and nearshore benthic food webs limited by temperature effects on their benthic invertebrate
prey. Pelagic black rockfish growth increased with SST in
the Alaska Coastal Current, consistent with light-limited
bottom-up production, and decreased with SST in the California Current, consistent with nutrient-limited bottom-up
production (Gargett 1997). Positive chlorophyll–growth
relationships further suggested the likelihood of bottom-up
limits in the nearshore pelagic food webs of black rockfish
(Ware and Thomson 2005). Benthic kelp greenling growth
increased during conditions that are known to be favorable
for the condition of the benthic invertebrates they consume,
including warmer SST and relaxed downwelling (Phillips
2005; Blanchette et al. 2006; Menge and Menge 2013).
Lagged environmental effects on prey quantity owing to
trophic interactions within these nearshore pelagic and
benthic food webs are also likely, but it was beyond the
scope of our study to model the numerous temporal lags
associated with a variety of life histories and trophic levels among the species comprising kelp greenling and black
rockfish diets.
Sea surface temperature
Overall, SST was the most consistent predictor of growth
across nearshore pelagic and benthic food webs and
current systems in our study. It should be noted, however, that longer data records were available for SST
(28 years) and upwelling (39 years), compared to chlorophyll concentrations (8 years) and the difference in time
series length could have influenced the general finding
that SST was the most consistent predictor of growth.

Mar Biol
Table 3  Model selection results
for predicting black rockfish
and kelp greenling growth using
sea surface temperature (SST;
Apr–Sep), upwelling (UW;
Apr–Sep), and chlorophyll
concentrations (Chla; Apr–Sep)

Species

Model group

Model

df

n

ΔAIC

Black rockfish

SST

Age + current * SST
Age + current
Age
Age + SST
Age + current
Age
Age + current * UW
Age + UW
Age + current * Chla
Age + Chla
Age + current
Age
Age + current * SST
Age + SST
Age + current
Age
Age + current * UW
Age + current
Age + UW

13
11
10
11
11
10
13
11
13
11
11
10
9
7
7
6
9
7
7

2991
2991
2991
2991
3129
3129
3129
3129
1826
1826
1826
1826
987
987
987
987
1102
1102
1102

0
14.3
15.0
15.6
0
0.5
1.0
2.5
0
3.0
8.6
9.4
0
1.4
10.3
24.6
0
9.2
20.7

Age
Age + current
Age + current * Chla
Age

6
7
9
6

1102
949
949
949

23.2
0
2.3
14.2

Age + Chla

7

949

15.4

UW

Chla

Kelp greenling

SST

UW

Models in bold provided the
best fit for each model group
as judged by AIC values. The
degrees of freedom (df) and
sample size (n), or unique
number of growth increments,
are also reported for each model

Chla

Our findings that pelagic black rockfish growth is positively related to SST in the Alaska Coastal Current and
negatively related to SST in the California Current are
consistent with the optimal stability window hypothesis.
The optimal stability window hypothesis suggests that
production peaks with intermediate water column stability, which allows some mixing for nutrient replenishment
but enough stratification to keep plankton in the photic
zone (Gargett 1997). Nearshore primary producers (phytoplankton and macrophytes) may also maximize production at intermediate water column stabilities as they
too acquire nutrients from deep water sources through
mixing and cross-shelf exchange mechanisms (Steneck
et al. 2002; Ladd et al. 2005) and can be light limited by
turbidity (Steneck et al. 2002; Etherington et al. 2007).
Opposite SST–production relationships in the Alaska
Coastal Current and California Current have been repeatedly observed in other studies including pink salmon
(Oncorhynchus gorbuscha), chum salmon (Oncorhynchus keta), and sockeye salmon (Oncorhynchus nerka)
survival rates as well as Chinook salmon (Oncorhynchus
tshawytscha) and yelloweye rockfish (Sebastes ruberrimus) growth rates, which all improve during warm conditions in the Alaska Coastal Current and cool conditions
in the California Current (Mueter et al. 2002; Wells et al.

2008; Black et al. 2008). Under the optimal stability
window hypothesis, increased production during warm
conditions is indicative of light limitation eased through
increased stratification, while increased production during cool conditions is indicative of nutrient limitations
eased through mixing.
Sea surface temperature was used as a proxy for water
column stability in this study for both the Alaska Coastal
Current and California Current in lieu of a more direct
measure of stability such as mixed layer depth (Thomas
et al. 2012). In the California Current, seawater density
and stratification are primarily controlled by temperature.
Cooler SSTs indicate reduced stratification and increased
availability of nutrients, which stimulate primary production (Chavez and Messié 2009). In the Alaska Coastal
Current, stratification is primarily controlled by salinity,
and salinity is linked to temperature during the spring and
summer. Warm air temperatures stimulate freshwater discharge and formation of a fresh surface layer in addition
to enhancing stratification through solar heating. In combination, these processes result in a synchronous surface
salinity minimum and surface temperature maximum in
August associated with strong water column stratification
(Royer 2005). Moreover, years of warmer SST are characterized by increased freshwater input and stronger water
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Fig. 3  Mean growth response
of nearshore pelagic-feeding
black rockfish to sea surface
temperature (SST; monthly
average Apr–Sep; a, b),
upwelling (UW; monthly
average Apr–Sep; c, d), and
chlorophyll-a (monthly average
Apr–Sep; e, f) in the Alaska
Coastal Current (left column)
and California Current (right
column). Dashed lines denote
95 % confidence intervals, and
tick marks along the x-axis
denote observations. Model
selection criteria and coefficients (P < 0.05) suggest
that inclusion of SST and
chlorophyll improve predictions of annual rockfish growth
(significant effects in panels
a, b, and f), whereas inclusion
of the upwelling index did not
improve the fit

a

b

c

d

e

f

column stability in the Alaska Coastal Current (Brickley
and Thomas 2004).
A direct temperature relationship could explain the positive SST–growth relationship in the Alaska Coastal Current, but not the negative SST–growth relationship in the
California Current. Experimental studies with juvenile
black rockfish suggest that optimal temperatures for growth
are near 18 °C (Boehlert and Yoklavich 1983), indicating
that temperatures sufficiently warm to adversely influence
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growth are well beyond the range of SST observed in this
study (average summer temperatures ~8–15 °C). Thus, negative SST–growth relationship observed in the California
Current supports an optimal stability window across these
two ocean domains of the northeast Pacific.
Kelp greenling growth increased with temperature,
suggesting that warmer temperatures result in increased
growth rates of kelp greenling through direct effects on
fish metabolism or increases in the quality of their benthic
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c
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e

f

Fig. 4  Mean growth response of nearshore benthic-feeding kelp
greenling to sea surface temperature (SST; monthly average Apr–
Sep; a, b), upwelling (UW; monthly average Apr–Sep; c, d), and
chlorophyll-a (monthly average Apr–Sep; e, f) in the Alaska Coastal
Current (left column) and California Current (right column). Dashed

lines denote 95 % confidence intervals, and tick marks along the
x-axis denote observations. Model selection criteria and coefficients
(P < 0.05) suggest that SST and upwelling effects improved predictions of annual greenling growth (significant effects in panels a and
c), whereas inclusion of chlorophyll did not improve the fit

invertebrate prey. A direct temperature effect is neither
supported nor refuted by existing literature as optimal
temperatures for growth in kelp greenling have not been

studied. We cannot rule out the possibility that the positive
SST–growth relationship observed here is the result of a
direct temperature effect across suboptimal temperatures.
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Table 4  Correlation strength among sea surface temperature (SST;
Apr–Sep; 1982–2009), upwelling (UW; Apr–Sep; 1982–2011), and
chlorophyll-a concentrations (Chla; Apr–Sep; 2003–2011) at each
site in the Alaska Coastal Current (ACC) and California Current
(CC) as indicated by the coefficient of determination (r2) from linear
regression
Site

SST versus Chla SST versus UW UW versus Chla

APEN
KATM
WPWS
ELFI

0.33
0.27
−0.51
0.04

−0.02
−0.01
0.00
0.05

−0.01
0.13
−0.25
0.28

WHAL
0.02
ACC average
0.03
NUCH
−0.01
CLAY
0.00
WASH
0.07
BIGS
0.18

0.05
0.01
−0.07
−0.09
−0.19
−0.12

0.02
0.03
0.10
0.24
0.20
−0.15

CC average

0.06

−0.12

0.10

Negative values denote inverse correlations

Beyond a direct effect, temperature may have an indirect
influence through lower trophic levels. Studies have demonstrated that warmer temperatures promote increased
benthic invertebrate production at small spatial scales (10
and 100 s of km). In both the Channel Islands and off Point
Conception, California, warmer areas have higher invertebrate densities, faster invertebrate growth rates, and individuals that allocate more energy to reproductive tissues
despite lower availability and quality of food for filterfeeding invertebrates as compared to cooler areas (Phillips
2005; Blanchette et al. 2006; Phillips 2007). It is interesting to note that kelp greenling growth was consistently
faster in warmer California Current waters (summer average 11–15 °C) compared to cooler Alaska Coastal Current
waters (summer average 8–13 °C) (Fig. 4). This difference
may reflect a more productive benthic invertebrate community in the warmer California Current if the positive relationship between temperature and kelp greenling growth
reflects differences in prey quality, or it may reflect a positive effect of temperature on growth if food availability is
not limiting in either system.
Upwelling and chlorophyll
Black rockfish growth was related to chlorophyll concentrations, but not to the upwelling index. The positive relationship between chlorophyll and rockfish growth suggests
that bottom-up processes limit pelagic-feeding nearshore
fish growth rates and provide a potential mechanism
underlying positive relationships between fisheries catch
data and chlorophyll concentrations (Ware and Thomson
2005; Chassot et al. 2007). In places or years of higher
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chlorophyll concentrations, black rockfish may consume
higher quality prey due to within-year increases in the size
or energy content of an individual prey item, such as a forage fish (Robards et al. 2002; Takahashi et al. 2012). Black
rockfish growth was not related to the upwelling index
despite the finding that cooler, presumably upwelled waters
were associated with increased growth. The coarse spatial
resolution of the upwelling index compared to SST could
account for this inconsistency. Upwelling indices reflect
large-scale atmospheric pressure systems >1000 km wide
that minimize local influences (e.g., bathymetry and coastline shape) on mass transport that can prevail at smaller
scales in nearshore systems (Ladd et al. 2005; Broitman
and Kinlan 2006).
Inclusion of the upwelling index improved models of
kelp greenling growth in the Alaska Coastal Current, suggesting that persistence of downwelling into the spring and
summer months reduced kelp greenling growth in agreement with our hypothesis. Relaxation of downwelling during spring in the Alaska Coastal Current system allows
deep nutrient-rich waters to move onto the shelf at depth
and is associated with the start of the spring bloom by
enhancing water column stability at the surface (Childers
et al. 2005; Henson 2007). Increased availability of macronutrients to nearshore surface waters and increased water
column stability are likely to enhance primary production
by increasing nitrate availability (Stabeno et al. 2004) and
confining plankton in the photic zone (Henson 2007). The
relationship between relaxed downwelling and production is consistent with growth rates of benthic mussels in a
downwelling system (Menge and Menge 2013).
The hypothesis relating kelp greenling growth to chlorophyll was not supported, suggesting that benthic invertebrate prey quality was not limited by primary production
from phytoplankton throughout the summer. Chlorophyll
concentrations are not always predictors of benthic mussel
and barnacle growth (Phillips 2005, 2007; Blanchette et al.
2006) and support the possibility of alternative hypotheses.
Terrestrial and macroalgae sources of carbon may supplement or displace phytoplankton production (Foley 2009;
Tallis 2009) and drive interannual differences in nearshore
fish growth (Schoch and Chenelot 2004; Miller et al. 2011).
Indeed, carbon stable isotope values from kelp greenling
muscle tissue indicate high (>50 %) proportions of kelpderived carbon (von Biela et al. submitted). The positive
SST–growth relationships could indicate that feeding and
digestion rates of benthic invertebrates across our study
range are limited by temperature, so that even a relatively
low level of primary production is able to satiate invertebrates at current temperatures (Phillips 2005; Blanchette
et al. 2007). Finally, the community dynamics of benthic
invertebrates are complex, with conditions that promote
growth (i.e., prey quality) occurring on shorter timescales

Mar Biol

(within a year) and differing from conditions that promote recruitment (i.e., prey quantity) on longer timescales
(>1 year).
Upwelling events and their associated chlorophyll
blooms operate on shorter timescales (days) than the
6-month averages considered in this study and may explain
why upwelling and chlorophyll were not consistent predictors of annual production. Short-term variability in wind
stress with periods of several days can cause upwelling,
even during a month when the mean wind stress is not
favorable for upwelling (Huyer 1983). Timing of upwelling
and chlorophyll blooms can be critical to seasonally occurring processes such as reproduction, recruitment processes,
and juvenile and adult growth (Barth et al. 2007; Brander
2010; Black et al. 2011; Takahashi et al. 2012). Still, it
can be difficult to identify environmental variables that
adequately capture the specific timing or duration of critical processes that matter most to reproduction, growth, or
survival.

Conclusions
We uncovered bottom-up relationships in nearshore pelagic
food webs that are consistent with mechanisms identified from offshore (continental shelf) pelagic food webs,
including the influence of water column stability (indicated
by SST) and primary production (indicated by chlorophyll)
on fish growth. In benthic nearshore food webs, our results
are consistent with temperature limitation acting directly
on fish or indirectly through their prey (i.e., benthic invertebrates). These climate–growth relationships agree with
the expectation that warming climate and shoaling thermoclines will reduce production in low-latitude pelagic
systems that are already nutrient limited (Behrenfeld et al.
2006), increase production in high-latitude pelagic systems
(Mueter et al. 2009), and add the prediction that limited
warming will also increase nearshore benthic production in
the California Current and Alaska Coastal Current systems.
Moreover, otolith growth indices can be explicitly incorporated in stock assessment models under an ecosystembased approach to management as either an indication of
species biomass (Morrongiello et al. 2012) or as an indication of habitat. For instance, the otolith growth index of
a nearshore resident fish could prove useful in models of
other commercial fish species that have critical early life
history stages in nearshore systems (Agardy et al. 2005;
Laurel et al. 2007; Echave et al. 2012; Johnson et al. 2012).
Acknowledgments This work is part of the Pacific Nearshore Project supported by the U.S. Geological Survey, Ecosystems Mission
Area and the Department of the Interior on the Landscape Initiative
to investigate biotic response to environmental variation in nearshore
habitats of the northeast Pacific Ocean. We thank J. L. Bodkin and

the USGS Pacific Nearshore Team for project support, and S. R.
Okkonen, G. L. Eckert, and two anonymous reviewers who provided
useful comments that improved this manuscript. Any use of trade
names or products is for descriptive purposes only and does not imply
endorsement by the U.S. Government. The findings and conclusions
in the paper are those of the authors and do not necessarily represent
the views of the National Marine Fisheries Service. This report was
reviewed and approved by the U.S. Geological Survey under their
Fundamental Science Practices Policy (http://www.usgs.gov/fsp/).

References
Agardy T, Alder J, Dayton P, Curran S, Kitchingman A, Wilson M,
Catenazzi A, Birkeland C, Blaber S, Saifullah S, Branch G,
Boersma D, Nixon S, Dugan P, Davidson N, Vorosmarty C
(2005) Coastal Systems. In: Hassan R, Scholes R, Ash N (eds)
Ecosystems and human well-being current state of trends, vol 1.
Island Press, Washington, pp 513–549
Astthorsson OS, Gislason A (1998) Environmental conditions, zooplankton, and capelin in the waters north of Iceland. ICES J Mar
Sci 55:808–810
Barth JA, Menge BA, Lubchenco J, Chan F, Bane JM, Kirincich
AR, McManus MA, Nielsen KJ, Pierce SD, Washburn L (2007)
Delayed upwelling alters nearshore coastal ocean ecosystems in
the northern California current. Proc Natl Acad Sci 104:3719–
3724. doi:10.1073/pnas.0700462104
Beckman D, Wilson C (1995) Seasonal timing of opaque zone formation in fish otoliths. In: Secor D, Dean J, Campana S (eds) Recent
developments in fish otolith research. University of South Carolina Press, Columbia, pp 27–44
Behrenfeld MJ, O’Malley RT, Siegel DA, McClain CR, Sarmiento JL,
Feldman GC, Milligan AJ, Falkowski PG, Letelier RM, Boss ES
(2006) Climate-driven trends in contemporary ocean productivity. Nature 444:752–755. doi:10.1038/nature05317
Black BA, Boehlert GW, Yoklavich MM (2005) Using tree-ring crossdating techniques to validate annual growth increments in longlived fishes. Can J Fish Aquat Sci 62:2277–2284. doi:10.1139/
F05-142
Black BA, Boehlert GW, Yoklavich MM (2008) Establishing climate-growth relationships for yelloweye rockfish
(Sebastes ruberrimus) in the northeast Pacific using a dendrochronological approach. Fish Oceanogr 17:368–379.
doi:10.1111/j.1365-2419.2008.00484.x
Black BA, Copenheaver CA, Frank DC, Stuckey MJ, Kormanyos RE
(2009) Multi-proxy reconstructions of northeastern Pacific sea
surface temperature data from trees and Pacific geoduck. Palaeogeogr Palaeoclimatol Palaeoecol 278:40–47. doi:10.1016/j.
palaeo.2009.04.010
Black BA, Schroeder ID, Sydeman WJ, Bograd SJ, Wells
BK, Schwing FB (2011) Winter and summer upwelling
modes and their biological importance in the California Current Ecosystem. Glob Change Biol 17:2536–2545.
doi:10.1111/j.1365-2486.2011.02422.x
Blanchette CA, Broitman BR, Gaines SD (2006) Intertidal community structure and oceanographic patterns around Santa
Cruz Island, CA, USA. Mar Biol 149:689–701. doi:10.1007/
s00227-005-0239-3
Blanchette CA, Helmuth B, Gaines SD (2007) Spatial patterns of
growth in the mussel, Mytilus californianus, across a major
oceanographic and biogeographic boundary at Point Conception, California, USA. J Exp Mar Bio Ecol 340:126–148.
doi:10.1016/j.jembe.2006.09.022
Boehlert GW, Yoklavich MM (1983) Effects of temperature,
ration, and fish size on growth of juvenile black rockfish,

13

Mar Biol
Sebastes melanops. Environ Biol Fishes 8:17–28. doi:10.1007/
BF00004942
Boyce DG, Lewis MR, Worm B (2010) Global phytoplankton
decline over the past century. Nature 466:591–596. doi:10.1038/
nature09268
Brander K (2010) Impacts of climate change on fisheries. J Mar Syst
79:389–402. doi:10.1016/j.jmarsys.2008.12.015
Brickley PJ, Thomas AC (2004) Satellite-measured seasonal and
inter-annual chlorophyll variability in the northeast Pacific and
coastal Gulf of Alaska. Deep Sea Res Part 2 Top Stud Oceanogr
51:229–245. doi:10.1016/j.dsr2.2003.06.003
Broitman BR, Kinlan BP (2006) Spatial scales of benthic and pelagic
producer biomass in a coastal upwelling ecosystem. Mar Ecol
Prog Ser 327:15–25. doi:10.3354/meps327015
Burnham KP, Anderson DR (2001) Model selection and multimodel
inference: a practical information-theoretic approach. Springer,
New York
Cavanaugh K, Siegel D, Reed D, Dennison P (2011) Environmental
controls of giant-kelp biomass in the Santa Barbara Channel,
California. Mar Ecol Prog Ser 429:1–17. doi:10.3354/meps09141
Chassot E, Mélin F, Le Pape O, Gascuel D (2007) Bottom-up control regulates fisheries production at the scale of eco-regions in
European seas. Mar Ecol Prog Ser 343:45–55. doi:10.3354/
meps06919
Chavez FP, Messié M (2009) A comparison of eastern boundary
upwelling ecosystems. Prog Oceanogr 83:80–96. doi:10.1016/j.
pocean.2009.07.032
Childers A, Whitledge T, Stockwell D (2005) Seasonal and interannual variability in the distribution of nutrients and chlorophyll a
across the Gulf of Alaska shelf: 1998–2000. Deep Sea Res Part 2
Top Stud Oceanogr 52:193–216. doi:10.1016/j.dsr2.2004.09.018
Cloern JE, Jassby AD (2008) Complex seasonal patterns of primary
producers at the land-sea interface. Ecol Lett 11:1294–1303.
doi:10.1111/j.1461-0248.2008.01244.x
Demarcq H (2009) Trends in primary production, sea surface temperature and wind in upwelling systems (1998–2007). Prog Oceanogr 83:376–385. doi:10.1016/j.pocean.2009.07.022
Duggins D, Simenstad C, Estes J (1989) Magnification of secondary
production by kelp detritus in coastal marine ecosystems. Science
245:170–173. doi:10.1126/science.245.4914.170
Echave K, Eagleton M, Farley E, Orsi J (2012) A refined description
of essential fish habitat for Pacific salmon within the U.S. Exclusive Economic Zone in Alaska. U.S. Dep Commer. NOAA Tech.
Memo. NMFS-AFSC-234
Etherington LL, Hooge PN, Hooge ER, Hill DF (2007) Oceanography of Glacier Bay, Alaska: implications for biological patterns
in a glacial fjord estuary. Estuar Coast 30:927–944
Foley MM (2009) Investigating the influence of allochthonous subsidies on nearshore giant kelp forests in Big Sur, California. Dissertation, University of California, Santa Cruz
Freiwald J (2009) Causes and consequences of the movement of temperate reef fishes. Dissertation, University of California, Santa
Cruz
Gargett AE (1997) The optimal stability ‘window’: a mechanism
underlying decadal fluctuations in North Pacific salmon stocks?
Fish Oceanogr 6:109–117. doi:10.1046/j.1365-2419.1997.00033.x
Green K, Starr R (2011) Movements of small adult black rockfish: implications for the design of MPAs. Mar Ecol Prog Ser
436:219–230. doi:10.3354/meps09263
Harley CD, Randall Hughes A, Hultgren KM, Miner BG, Sorte CJ,
Thornber CS, Rodriguez LF, Tomanek L, Williams SL (2006)
The impacts of climate change in coastal marine systems. Ecol
Lett 9:228–241. doi:10.1111/j.1461-0248.2005.00871.x
Henson SA (2007) Water column stability and spring bloom
dynamics in the Gulf of Alaska. J Mar Res 65:715–736.
doi:10.1357/002224007784219002

13

Hoegh-Guldberg O, Bruno JF (2010) The impact of climate change
on the world’s marine ecosystems. Science 328:1523–1528.
doi:10.1126/science.1189930
Huyer A (1983) Coastal upwelling in the California Current system.
Prog Oceanogr 12:259–284. doi:10.1016/0079-6611(83)90010-1
Johnson S, Neff AD, Thedinga JF, Lindeberg MR, Maselko JM
(2012) Atlas of nearshore fishes of Alaska: a synthesis of marine
surveys from 1998 to 2011. U.S. Dep of Comm, NOAA Tech
Memo NMFS-AFSC-239
Ladd C, Stabeno P, Cokelet E (2005) A note on cross-shelf exchange
in the northern Gulf of Alaska. Deep Sea Res Part 2 Top Stud
Oceanogr 52:667–679. doi:10.1016/j.dsr2.2004.12.022
Laurel BJ, Stoner AW, Ryer CH, Hurst TP, Abookire AA (2007) Comparative habitat associations in juvenile Pacific cod and other
gadids using seines, baited cameras and laboratory techniques. J
Exp Mar Bio Ecol 351:42–55. doi:10.1016/j.jembe.2007.06.005
Love MS (2011) Certainly more than you want to know about the
fishes of the Pacific Coast. Really Big Press, Santa Barbara
Love MS, Yoklavich MM, Thorsteinson LK (2002) The rockfishes of
the northeast Pacific. University of California Press, Berkeley and
Los Angeles
MacFarlane RB (2010) Energy dynamics and growth of Chinook
salmon (Oncorhynchus tshawytscha) from the Central Valley of
California during the estuarine phase and first ocean year. Can J
Fish Aquat Sci 67:1549–1565. doi:10.1139/F10-080
McPhee-Shaw EE, Nielsen KJ, Largier JL, Menge BA (2011)
Nearshore chlorophyll-a events and wave-driven transport. Geophys Res Lett. doi:10.1029/2010GL045810
Menge BA (2000) Top-down and bottom-up community regulation in
marine rocky intertidal habitats. J Exp Mar Bio Ecol 250:257–
289. doi:10.1016/S0022-0981(00)00200-8
Menge BA, Menge DNL (2013) Dynamics of coastal meta-ecosystems:
the intermittent upwelling hypothesis and a test in rocky intertidal
regions. Ecol Monogr 83:283–310. doi:10.1890/12-1706.1
Menge BA, Daley B, Wheeler PA, Dahlhoff E, Sanford E, Strub PT
(1997) Benthic–pelagic links and rocky intertidal communities: bottom-up effects on top-down control? Proc Natl Acad Sci
94:14530–14535
Miller RJ, Reed DC, Brzezinski MA (2011) Partitioning of primary
production among giant kelp (Macrocystis pyrifera), understory
macroalgae, and phytoplankton on a temperate reef. Limnol
Oceanogr 56:119–132. doi:10.4319/lo.2011.56.1.0119
Morrongiello JR, Crook DA, King AJ, Ramsey DSL, Brown P (2011)
Impacts of drought and predicted effects of climate change on
fish growth in temperate Australian lakes. Glob Change Biol
17:745–755. doi:10.1111/j.1365-2486.2010.02259.x
Morrongiello JR, Thresher RE, Smith DC (2012) Aquatic biochronologies and climate change. Nat Clim Change 2:849–857.
doi:10.1038/nclimate1616
Moulton LL (1977) An ecological analysis of fishes inhabiting the
rocky nearshore regions of northern Puget Sound, Washington.
Dissertation, University of Washington
Mueter FJ, Peterman RM, Pyper BJ (2002) Opposite effects of ocean
temperature on survival rates of 120 stocks of Pacific salmon
(Oncorhynchus spp.) in northern and southern areas. Can J Fish
Aquat Sci 59:456–463. doi:10.1139/F02-020
Mueter FJ, Broms C, Drinkwater KF, Friedland KD, Hare JA, Hunt
GL Jr, Melle W, Taylor M (2009) Ecosystem responses to recent
oceanographic variability in high-latitude Northern Hemisphere ecosystems. Prog Oceanogr 81:93–110. doi:10.1016/j.
pocean.2009.04.018
Munk KM (2012) Somatic-otolith size correlations for 18 marine fish
species and their importance to age determination. Alaska Dep
Fish Game Region Info Rep 5J12-13
Parker SJ, Rankin PS, Olson JM, Hannah RW (2007) Movement patterns of black rockfish (Sebastes melanops) in Oregon coastal

Mar Biol
waters. In: Heifetz J, DiCosimo J, Gharrett AJ, Love MS,
O’Connell VM, Stanley RD (eds) Biology, Assessment, and Management of North Pacific Rockfishes. Alaska Sea Grant College
Program, University of Alaska, Fairbanks, pp 39–47
Phillips NE (2005) Growth of filter-feeding benthic invertebrates
from a region with variable upwelling intensity. Mar Ecol Prog
Ser 295:79–89. doi:10.3354/meps295079
Phillips NE (2007) A spatial gradient in the potential reproductive output of the sea mussel Mytilus californianus. Mar Biol
151:1543–1550. doi:10.1007/s00227-006-0592-x
Piner KR, Haltuch MA, Wallace JR (2005) Preliminary use of oxygen stable isotopes and the 1983 El Niño to assess the accuracy of aging black rockfish (Sebastes melanops). Fish Bull
558:553–558
Pinheiro J, Bates DM (2000) Mixed-effects models in S and S-Plus.
Statistics and computing. Springer, New York
R Development Core Team (2013) R: a language and environment
for statistical computing. R Foundation of Statistical Computing,
Vienna
Robards MD, Rose GA, Piatt JF (2002) Growth and abundance of
Pacific sand lance, Ammodytes hexapterus, under differing oceanographic regimes. Environ Biol Fishes 64:429–441
Royer TC (2005) Hydrographic responses at a coastal site in the
northern Gulf of Alaska to seasonal and interannual forcing. Deep
Sea Res Part 2 Top Stud Oceanogr 52:267–288. doi:10.1016/j.
dsr2.2004.09.022
Schoch GC, Chenelot H (2004) The role of estuarine hydrodynamics in the distribution of kelp forests in Kachemak Bay, Alaska. J
Coast Res 45:179–194
Stabeno P, Bond N, Hermann A, Kachel N, Mordy C, Overland
JE (2004) Meteorology and oceanography of the Northern
Gulf of Alaska. Cont Shelf Res 24:859–897. doi:10.1016/j.
csr.2004.02.007
Steneck RS, Graham MH, Bourque BJ, Corbett D, Erlandson JM,
Estes JA, Tegner MJ (2002) Kelp forest ecosystems: biodiversity, stability, resilience and future. Environ Conserv 29:436–459.
doi:10.1017/S0376892902000322

Strom S, Macri E, Fredrickson K (2010) Light limitation of summer
primary production in the coastal Gulf of Alaska: physiological and environmental causes. Mar Ecol Prog Ser 402:45–57.
doi:10.3354/meps08456
Sverdrup HU, Johnson MW, Fleming RH (1942) The oceans, their
physics, chemistry and general biology. Prentice-Hall, Englewood Cliffs
Sydeman WJ, Allen G (1999) Pinniped population dynamics in central California: correlations with sea surface temperature and
upwelling indices. Mar Mamm Sci 15:446–461
Takahashi M, Checkley DM, Litz MNC, Brodeur RD, Peterson WT (2012) Responses in growth rate of larval northern anchovy (Engraulis mordax) to anomalous upwelling in
the northern California Current. Fish Oceanogr 21:393–404.
doi:10.1111/j.1365-2419.2012.00633.x
Tallis H (2009) Kelp and rivers subsidize rocky intertidal communities in the Pacific Northwest (USA). Mar Ecol Prog Ser 389:85–
96. doi:10.3354/meps08138
Thomas AC, Strub PT, Weatherbee RA, James C (2012) Satellite
views of Pacific chlorophyll variability: comparisons to physical
variability, local versus nonlocal influences and links to climate
indices. Deep Sea Res Part 2 Top Stud Oceanogr 77–80:99–116.
doi:10.1016/j.dsr2.2012.04.008
von Biela VR, Newsome SD, Zimmerman CE (submitted) Widespread kelp-derived carbon in pelagic and benthic nearshore
fishes. Marine Ecology Progress Series
Ware DM, Thomson RE (2005) Bottom-up ecosystem trophic dynamics determine fish production in the Northeast Pacific. Science
308:1280–1284. doi:10.1126/science.1109049
Weisberg S, Spangler G, Richmond LS (2010) Mixed effects models
for fish growth. Can J Fish Aquat Sci 67:269–277. doi:10.1139/
F09-181
Wells BK, Grimes CB, Sneva JG, McPherson S, Waldvogel JB
(2008) Relationships between oceanic conditions and growth
of Chinook salmon (Oncorhynchus tshawytscha) from California, Washington, and Alaska, USA. Fish Oceanogr 17:101–125.
doi:10.1111/j.1365-2419.2008.00467.x

13

