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Figure 1. Pacific Northwest study area, showing bathy-
metry (100, 200, and 1000 m contours), station locations
(open and grey circles denote the locations for the RISE and
ECOHAB-PNW lines, respectively), and depth integrated
primary production anomalies (mg C m™2 d™ "), calculated
as June 2005—June 2004. “Inner shelf” refers to the
innermost two stations for each line; “mid-shelf” refers to
stations near the 100 m isobath; “offshore” stations are
offshore of the 200 m isobath.

after (late July, September 2005) the anomalous warm
conditions. Details of the physical forcing and timing of
events can be found elsewhere in this volume.

[5]1 We focus on the spatial (onshore-offshore) and
temporal trends in phytoplankton biomass and productivity.
Chlorophyll a was determined using non-acidification,
in vitro fluorometric analyses [Welschmeyer, 1994] after
filtration onto Whatman GF/F filters (0.7-um). Size-
fractionated biomass was determined by filtration onto
Poretics polycarbonate filters (5-um). Samples were
extracted in 90% acetone for ca. 24 hours (=20 to
—80 °C) and fluorescence was measured with Turner
Designs 10AU fluorometers calibrated at the beginning of
each cruise with pure chlorophyll ¢ (Sigma or Turner
Designs). Phytoplankton carbon assimilation. was deter-
mined using three methods. First, during the RISE program,
productivity was routinely estlmated for surface (ca. 2—5 m)
samples by the addition of NaH'*CO; to 280-mL polycar-
bonate bottles and incubation for 24 hours using simulated
in situ conditions followed by filtration (GF/F) and acidifi-
cation. Second, at select stations, depth-integrated primary
production was determined by conducting carbon rate
measurements in a similar fashion, using water collected
from depths corresponding to 100, 50, 30, 15, 5, and 1%
surface irradiance and employing trapezoidal integration
[Kudela et al., 1997). Finally, during both the ECOHAB-
PNW and RISE programs, photosynthesis versus irradiance

‘depth-integrated estimates (n = 42,

measurements (PE curves) were determined for samples
collected from near-surface waters, using short-term (ca
30—60 minute) incubations with whlte (halogen) light u51 1g
14-21 light levels between 0—1200 gmol photons m™ ,
and ambient sea surface temperatures. Whole water samples
were incubated in 25-mL glass vials and terminated by
acidification of the entire volume, then radio-assayed using
liquid scintillation counting. Data were fit to a PE model
[Webb et al., 1974] to determine maximum carbon fixation
(Pmax) and initial slope (). Average depth-integrated
primary production was also estimated using the VGPM
(satellite) model [Behrenfeld and Falkowski, 1997], with
daily 1-km resolution SeaWiFS data time-averaged for
June 2004 and June 2005. A strong, linear relationship
between VGPM and in situ productivity estimates for the
GH line (n =9, r* = 0.67, slope = 1.00, p < 0.05) was
obtained after settlng the POpt term to the regional average of
5.81 mg C mg Chl™! d7*.

[6] Using data from the RISE program for all years and
all stations (including the GH line), we also found a good
relationship between surface productwlty estimates and
= 0.65, p < 0.05),
similar to the results of Perry et al. [1989]. We therefore
report surface productivity estimates, which increases our
sample size, and assume that these values are representative
of water column productivity.

3. Patterns of Phytoplankton Standing Stock
and Production

[7]1 The GH hydrographic line is representative of the
typical spatial patterns observed in the PNW (Figure 1).
During summer, the oceanographic and biological state of
this region is largely regulated by wind forcing (although
the GH line is also influenced by the Juan de Fuca Eddy to
the north [MacFadyen et al., 2005], and the Columbia River
to the south [Hickey et al., 2005]). Upwelling brings cold,
nutrient-rich waters to the surface nearshore, typically
resulting in Jower biomass and productivity at the innermost
stations where surface waters have been diluted. Immedi-
ately offshore, the characteristically high biomass (and
productivity) peaks at approximately mid-shelf (ca. 70—
100 m bottom depth) and generally declines further offshore
until reaching the relatively low biomass, low productivity
waters of the open ocean (ca. 125.5° W). The spatial
(longitudinal) extent of this characteristic gradient in bio-
mass and productivity is controlled by the intensity and
duration of upwelling-favorable winds. During periods of
relaxation or downwelling, this general pattern persists, but
is reduced in amplitude. For example, in August 2005, the
GH line was occupied during a period of strong upwelling
(August 6), and again three weeks later during a period
when winds were upwelling-favorable, but considerably
weaker (August 24). There was a shift in maximum biomass
from inshore during weaker winds (Chl a = 12.89 mg m
at 124.289° W) to mid-shelf (Chl a = 17.42 mg m~
124.489° W) during stronger upwelling-favorable w1nds.
Further offshore, biomass converged as the coastal waters
transitioned into oceanic waters (Chl @ = ca. 0.40 mg m™—>
offshore of 125° W). This general response to wind forcing
is also evident from a time-series of Chl a at a single, mid-
shelf station (Figure 2).
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Figure 4. (a) Phytoplankton biomass as chlorophyll a,
(b) primary productivity (Prim. Prod.), (c) chlorophyll-
specific primary productivity (P®), and (d) the maximum
rate of photosynthesis (Pp.,) from short-term PE curves
along the GH Line for July 2004, June 2005, and August
2005 (upper 3 panels) and July 12 and 24, 2004, July 9 and
17, 2005, and September 14, 2005 (Figure 4d). The open
symbols in each panel represent the warm anomaly. One
point in Figure 4d (84.16 mg C m > h™}) is greater than the
y-axis scale.
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the observed enhancements are statistically not significant
(ANOVA, p > 0.05).

[s] Unlike most previous studies, we report direct esti-
mates of primary productivity (as carbon fixation) to
accompany our estimates of phytoplankton biomass. The
most striking difference between cruises was the range of
productivity values: June 2004 (1.55-34.36 mgC m—>d™}),
June 2005 (1.40-5.74 mg C m™ d™"), and August 2005
(0.90~121.50mg Cm > d™1). As expected, based on the Chl
a patterns, the productivity values during “normal” (July
2004, August 2005) versus anomalous (June 2005) geriods
converged offshore at a low value (ca. 1 mg C m™> d™%).
Although biomass declined from ca. 25-75% moving from
inshore towards mid-shelf, declines in productivity were
more uniform cross-shelf, averaging ca. 40% (Figure 4).
This is also evident from the satellite data (Figure 1). For
the region 45-48°N, 122-126°W, median productivity
declined from 150 to 75 mg C m 2 d™ %, or a 50% decrease.
Thus, the anomalous warm conditions resulted in a sub-
stantial decline in both shelf biomass and productivity,
concomitant with a shift in phytoplankton size. Although
we focus on the GH line, Thomas and Brickley [2006]
report negative chlorophyll anomalies for April—June north-
ward of ca. 40°N out to 100 km from the coast; using that
region, estimated productivit?l declined from a median value
0f 264 t0 222 mg Cm =2 d~', or ca. 16% (data not shown),
consistent with the warm anomaly being greatest in the
PNW [Schwing et al., 2006; Thomas and Brickley, 2006].

[10] This decrease in productivity was also confirmed
through comparison of maximum photosynthetic rates
(Paxs mg C m > h™') obtained from PE curves in July
2004, July 2005 (before and after upwelling winds), and
September 2005 along the GH line. PE curves remove some
of the variability associated with simulated in situ incuba-
tions and provide a standardized metric for comparison of
distinct phytoplankton assemblages. The general pattern of
the PE data follows that for biomass and productivity, with
higher values inshore to mid-shelf, decreasing offshore
(Figure 4 and Table 1). Again, maximum photosynthetic
values converge offshore, with relatively greater differences
at mid-shelf and inshore stations (Table 1). Productivity

Table 1. Summary of Phytoplankton Photosynthetic Parameters and Biomass From All Stations Along the GH

Hydrographic Lire®

chl

Latitude, Longitude, Praxs mg C mg Chl™! h™! Chl q,
Date °N W mgCm > h! pmol photons m~2 57! R? mg m™>

12-Jul-04 47 124.29 84.16 0.051 0.96 7.43
12-Jul-04 47 124.49 23.91 0.040 0.77 2.56
24-Jul-04 47 124.22 24.49 0.018 0.88 7.11
24-Jul-04 47 124.29 28.61 0.031 0.62 4.52
24-Jui-04 47 124.36 38.87 0.021 0.98 6.72
9-Jul-05 47.04 124.36 12.87 0.008 0.94 443
9-Jul-05 46.98 124.63 1.81 0.017 0.82 0.44
9-Jul-05 46.91 124.92 0.70 0.110 0.41 0.15
17-Jul-05 47.04 124.36 31.81 0.042 0.98 6.69
17-Jul-05 46.98 124.62 7.43 0.018 0.96 3.12
17-Jul-05 46.91 124.92 2.27 0.019 0.97 0.79
14-Sep-05 47.07 124.25 20.95 0.019 0.97 10.46
14-Sep-05 47.02 124.48 12.83 | 0.029 0.97 5.18

“The 9 July data are from the warm anomaly. Note that there were no PE data available for the GH line during the other

sampling periods.
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ecosystems, and underscore the critical importance of
phytoplankton biomass and productivity to these systems.
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