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[11 High-frequency temporal and spatial shifts in the various dissolved P pools (total,
inorganic, and organic) are linked to upwelling/relaxation events and to phytoplankton
bloom dynamics in the upwelling-dominated Oregon coastal system. The presence

and regulation of alkaline phosphatase activity (APA) is apparent in the bulk
phytoplankton population and in studies of cell-specific APA using Enzyme Labeled
Fluorescence (ELF ). Spatial and temporal variability are also evident in phytoplankton
community composition and in APA. The spatial pattern of dissolved phosphorus and
APA variability can be explained by bottom-controlled patterns of upwelling, and flushing
times of different regions within the study area. The presence of APA in eukaryotic
taxa indicates that dissolved organic phosphorus (DOP) may contribute to phytoplankton
P nutrition in this system, highlighting the need for a more complete understanding of

P cycling and bioavailability in the coastal ocean.
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1. Introduction

[2] Phosphorus (P) is an essential macronutrient for all
phytoplankton. There is a growing body of evidence indi-
cating that P can play an important role in supporting
phytoplankton production, at times limiting productivity in
various open ocean and coastal marine environments
[Ammerman et al., 2003; Karl et al., 2001; Karl and
Bjorkman, 2002; Krom et al., 1991; Monaghan and
Ruttenberg, 1999; Palenik and Dyhrman, 1998; Wu et
al.,, 2000]. These and other studies highlight the impor-
tance of P bioavailability, and suggest a pivotal role for
dissolved organic phosphorus (DOP) in influencing pri-
mary production and ecosystem dynamics.

[3] Although dissolved inorganic phosphate (DIP) is
typically considered the most bioavailable P source, numer-
ous studies have demonstrated the ability of phytoplankton
to use DOP as a source of P (e.g., reviewed by Cembella et
al. [1984] and recently discussed by Karl and Bjorkman
[2002] and Bjorkman and Karl [2003]). DOP concentration
can exceed DIP in coastal and open ocean surface waters
[e.g., Butler et al., 1979; Jackson and Williams, 1985; Karl
and Bjorkman, 2002; Monaghan and Ruttenberg, 1999;
Orrett and Karl, 1987; Wu et al., 2000] (also this study),
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and thus has the potential to play an important role in
supporting phytoplankton productivity.

[4] Historically, there has been a disproportionate em-
phasis on dissolved inorganic nutrients, both in the large
oceanographic survey programs that have compiled vast
regional nutrient data sets (e.g., GEOSECS, TTO (see
Ocean Atlas website, http://odf.ucsd.edu/Ocean Atlas/
aos.html), TOGA-CORE (see data center website, http://
cdiac.esd.ornl.gov/), US-JGOFS (see USJGOFS protocols
website, http://usjgofs.whoi.edu/protocols.html; note that
JGOFS time series sites have included measurements of
dissolved organic nutrients), and in smaller-scale studies.
This can be attributed to three factors: (1) considerably
more effort is required to measure dissolved organic
nutrients than to measure their inorganic counterparts,
(2) a lack of community consensus on the best methods
for measuring dissolved organic nutrients, and (3) a failure
to appreciate that the dissolved organic nutrient pools
can play an active and important role in phytoplankton
nutrition. This latter notion is being reversed, as numerous
studies now recognize that the organic component of
the nutrient pools, both P and nitrogen (N), can play
important roles in supplying P and N to primary pro-
ducers. However, our understanding of the biogeochemis-
try and bioavailability of the dissolved organic nutrient
pools, particularly P, remains in its infancy, and many
important questions remain.
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Figure 1. Satellite sea surface temperature (SST) image
(COAST web site, http://damp.oce.orst.edu/coast/) illustrat-
ing typical SST distribution during the spring-summer
upwelling season on the Oregon coast. Colder temperatures
hugging the coast are indicative of upwelled cold, nutrient
rich waters, while warmer surface waters offshore reflect
solar warming as surface waters are advected away from the
near-coastal region of active upwelling. The distribution of
cold, upwelled water reflects coastline bathymetry (see
text). Transect lines occupied for high vertical resolution
sampling during the COAST-1 cruise are superimposed on
the satellite SST image.

[5] In this study, we target some of the unanswered
questions about DOP in the coastal ocean, including:
(1) How dynamic is the DOP pool in space and time?
(2) How do DIP and DOP dynamics compare? (3) What
are the timescales and magnitudes of DIP and DOP
variability? (4) What are the physical and biological
controls on DIP and DOP variability? (5) What is the
degree of spatial and temporal variability in metrics of
DOP bioavailability as evidenced by whole community
cell-bound and single-cell activity assays of the DOP-
hydrolyzing enzyme, Alkaline Phosphatase (APase)?

[6] We present results from the first of three cruises in the
Oregon coastal upwelling region (Figure 1), conducted as
part of the Coastal Ocean Processes (CoOP)-funded Coastal
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Advances in Shelf Transport (COAST; http://damp.oce.
orst.edu/coast) project. High-resolution sampling, in both
space and time, reveal substantial spatial and temporal
variability in DOP and DIP in surface water and in depth
profiles along study transects. The physical and biological
driving forces behind the observed variability are described,
and evidence for DOP bioavailability, in the form of whole
community and cell-specific alkaline phosphatase activity
(APA), is presented.

2. COAST Program: Overview and Study
Site Description

[7] The COAST project is a 5-year, multidisciplinary,
multi-PI program funded by the CoOP program to investi-
gate seasonal patterns of circulation, biology, and chemistry
in the Oregon coastal ocean, as part of the CoOP mandate to
advance the understanding of biogeochemistry in coastal
systems dominated by wind-driven transport processes. The
over-arching goal of the COAST program is to evaluate the
dependence of biological and biogeochemical parameters
on physical circulation, particularly upwelling, downwelling
(relaxation of upwelling), alongshore and cross-shelf trans-
port. Primary objectives of the COAST project are to
determine the sources of both organic and inorganic
nutrients, the response of the biological community to the
timing and pattern of nutrient delivery, and to track the
cross-shelf transport of nutrients (inorganic and organic)
and particulate organic matter.

[8] The COAST sampling grid is located off the Oregon
Coast, extending from ~45.2°N to 43.7°N, and from
shallow inshore stations (~30 m water depth) to offshore
stations (~1000 m water depth) (Figures 1 and 2). This
coastal area is characterized by frequent upwelling-relaxation
events during spring and summer [Barth et al., 2005;
Castelao and Barth, 2005]. Satellite sea surface temper-
ature (SST) images show upwelled colder deeper waters
cropping out at the surface near the coastline (Figure 1).
The pattern of colder surface waters during upwelling
events closely tracks the bathymetry, with a narrow band
of cold, upwelled water in the northern part of the field
area where the shallow shelf is narrow and bathymetric
lines run parallel to the coastline (vicinity of Cascade
Head), and a broader band of cold, upwelled water over
Hecata Bank, where the shelf broadens out into a shallow
platform and bathymetric lines bulge out over the bank
(Figures 1 and 2).

[v] High-resolution sampling was conducted using two
ships simultaneously. One ship conducted rapid, high-
resolution surveys of the three-dimensional thermohaline,
bio-optical, zooplankton and velocity fields [Barth and
Wheeler, 2005; Barth et al., 2005]. A second ship, operating
within the same region, conducted high vertical resolution
profiling of water properties (temperature, salinity, turbu-
lence, nutrients (inorganic and organic), chlorophyll a,
phytoplankton photosynthesis parameters, particulate and
dissolved organics, trace metals) [Barth and Wheeler, 2005;
Hales et al., 2005; Karp-Boss et al., 2004]. Samples
described here were collected on the high vertical resolution
sampling ship, the R/V Thomas G. Thompson, which
focused primarily on two regions: the northern region
(CH line) of relatively simple bathymetry and the southern
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Figure 2. Spatial patterns of surface water DIP and DOP on the COAST-1 sampling grid: (a) DIP
(range: 0.01—1.96 uM), and (b) DOP (range: 0.10—0.51 pM). Contours indicate water depth.

region (CP line) located on the bathymetrically more
complex Heceta Bank (Figures 1 and 2, Table 1).

3. Methods
3.1. Sample Collection

[10] The ship dedicated to high vertical resolution
profiling conducted nearshore-offshore transects (Figures 1
and 2), executing high-resolution continuous pumped
water sampling with real-time dissolved inorganic nutrient
analyses via autoanalyzer (see Hales et al. [2005] for a
description of the pump-profiler). At designated stations
along the transects (Table 1), discrete large volume depth-
profile sampling was achieved by slowing the pump-profiler
ascent, halting at predetermined sampling depths, and divert-

ing the sample water stream into 20-L carboys. These car-
boys were sampled for filtration and subsequent analysis of
discrete samples for TDP, DIP, DOP, chlorophyll a, phyto-
plankton species composition, and enzymatic activity (this
study), as well as numerous other biogeochemical parame-
ters [Barth and Wheeler, 2005]. Repeat occupation of CH
transect stations over a 7-day period was designed to reveal
the degree of variability on short timescales and small spatial
scales. Focus on the CH and CP lines was intended to afford
a contrast between biogeochemical patterns on a narrow,
topographically simple shelf versus a broad, topographically
complex shelf within the same upwelling regime.

[11] After first gently inverting carboys to homogenize,
water was collected from the carboy spigot into 1-L and 2-L
polyethylene bottles, after first rinsing bottles 3 times with
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Table 1. COAST-1 (May 2001) Station Locations, Resampling
Numbers, Sampling Dates, and Station Water Depths

Resample ~ Date Water
Station ~ Number® Collected® °N Latitude °W Longitude Depth, m

CH-1 1 5/20/01 45° 0.5 124° 2.5 34.4
CH-1 2 5/21/01 45° 0.5 124° 2.5 34.4
CH-1 3 5/22/01 45° 0.5 124° 2.5 34.4
CH-1 4 5/24/01 45° 0.5 124° 2.5 34.4
CH-1 5 5/25/01 45° 0.5 124° 2.5 34.4
CH-1 6 5/25/01 45° 0.5 124° 2.5 34.4
CH-1 7 5/26/01 45° 0.5 124° 2.5 34.4
CH-3/CH-4 1 5/22/01 45° 0.4’ 124° 7.8 91.3
CH-3/CH-4 2 5/25/01 45° 0.5 124° 7.8 91.3
CH-3/CH-4 3 5/27/01 45° 0.5 124° 7.8 91.3
CH-6 1 5/21/01 45° 0.5 124° 20.0' 185.1
CH-6 2 5/24/01 45° 0.5 124° 20.0/ 185.1
CH-6 3 5/27/01 45° 0.5 124° 20.0' 185.1
CP-2 1 5/28/01  44°13.5 124° 10.7' 52.0
CP-3 1 5/29/01  44°13.5' 124° 18.5' 82.3
CP-5 1 5/30/01  44°13.5 124° 30.0/ 104.5
CP-11 1 5/29/01  44°13.5' 125° 0.9 670.0
WY-1 1 5/31/01  44°22.5 124° 8.0 40.4
WY-2 1 5/31/01  44°22.5 124° 32.8' 96.4
ST-1 1 6/01/01  44°32.4' 124° 7.6 40.8
ST-2 1 6/01/01  44°32.4"  124°32.9 130.5
NHT-1 1 6/01/01  44°39.1' 124° 6.1 31.9
CF-1 1 6/02/01  44° 50.0' 124° 7.0 57.3

“Resample number equals 1 when stations were sampled only once. For
stations that were sampled multiple times, the resample number denotes the
number of times that the station was revisited; for example, Resample 2
refers to the second time a station was visited.

®Dates are given as m/dd/yy.

sample water. Capped bottles were stored refrigerated until
filtered; filtration was commenced as soon as possible after
collection, usually within 5 min. When samples became
back-logged owing to rapid-succession sampling, they were
stored refrigerated for no more than 1 to 2 hours prior to
filtration. All bottles and carboys were acid cleaned in 10%
HCI prior to use.

3.2. Sample Processing

[12] After gently inverting the bottle to homogenize
sample, splits of samples collected in 1-L bottles were
filtered through 0.4-pm and 0.2-pm polypropylene filters
for analysis of TDP and DIP. Samples were vacuum filtered
using Nalgene polysulfone filtration apparatus at low
pressure (<5 psi) to prevent cell lysis [e.g., Bidigare,
1991; Karl et al., 1991; Matrai, 1991; Mopper and Furton,
1991]. Filtration apparatus were acid cleaned (10% HCI)
prior to initial use; between samples the upper reservoir was
rinsed with unfiltered sample water, and the lower reservoir
with the first 50 mL of filtrate to pass through the filter.
Filtrates were collected in acid cleaned (10% HCI) poly-
propylene bottles, acidified to pH 1 with trace-metal clean
HCI, and stored refrigerated until analysis [Monaghan and
Ruttenberg, 1999]. Polypropylene filters were soaked for
>48 hours in 10% HCI, removing and replacing acid at least
3 times during soaking, and then were soaked for >24 hours
in acidified methanol to remove organic wetting agents.
After decanting the last rinse, 0.4-pm filters were rinsed
with Milli-Q water until acid had been completely removed,
transferred to acid cleaned (10% HCI) polypropylene
mesh-lined petri dishes, air-dried and preweighed for later
determination of suspended particulate concentrations. All
0.2-pm filters were stored in 10% HCI in acid-cleaned glass
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jars, and rinsed copiously with Milli-Q water just prior to use.
Filtration blanks for dissolved P were below detection. After
sample collection, filters were placed in acid-cleaned poly-
carbonate petri dishes lined with acid-cleaned polypropylene
mesh, sealed in small zip-lock bags, and stored frozen
(—30°C), for future analysis of filtered particles.

[13] After gently inverting the bottle to homogenize
sample, splits of samples collected in 2-L bottles were
processed for phytoplankton enumeration (phytocounts),
whole community cell-bound alkaline phosphatase activity
(hereafter, whole community APA), and cell-specific APA
with Enzyme Labeled Fluorescence (ELF"). Samples for
enzyme analysis and phytocounts were taken from surface
waters, and where present, from the depth of the subsurface
chlorophyll ¢ maximum. For phytocounts, 100 mL of
unfiltered water was decanted into a volume-marked
125-mL polypropylene bottle, spiked with 1-mL gluteralde-
hyde, and stored in the dark at room temperature until
analysis. For whole community APA, 500 mL of sample
was filtered through a 0.2-pm polycarbonate filter; filtration
and filter storage were as described above for dissolved P. For
ELF analyses, 1000 mL of sample was filtered through
0.8-pm Supor filters; filtrate was discarded and filter
was immediately subjected to the ELF labeling procedure.

3.3. Analytical Methods

[14] Total dissolved phosphorus (TDP) was determined
on 0.4-um and 0.2-pm filtrates using the high-temperature
ashing/hydrolysis method of Soldrzano and Sharp [1980],
as modified by Monaghan and Ruttenberg [1999]. Soluble
reactive phosphorus (SRP) was determined by the standard
phosphomolybdate blue method according to Koroleff
[1983]. Dissolved Organic Phosphorus (DOP) is calculated
as the difference between TDP and SRP.

[15] The term SRP describes the pool of dissolved phos-
phorus that is directly reactive toward complexation with
molybdate, without any chemical pretreatment. This pool is
dominated by orthophosphate, and thus has also been
referred to as the dissolved inorganic phosphorus (DIP)
pool. SRP can overestimate DIP in cases where easily
hydrolyzable DOP compounds make up a significant frac-
tion of the dissolved P pool, as there is potential for reactive
DOP to hydrolyze under the acidic conditions of the
phosphomolybdate reaction [Rigler, 1968; Hudson et al.,
2000]. In contrast, SRP can underestimate the DIP pool if
polyphosphates are present at significant concentrations, as
these polymers of orthophosphate are not hydrolyzable on
the timescale of the phosphomolybdate reaction [Monaghan
and Ruttenberg, 1999; Solorzano and Strickland, 1968].

[16] Evaluation of extent of hydrolysis of a suite of
standard DOP compounds and DOP from coastal northern
California waters, under phosphomolybdate reaction con-
ditions, indicated that <2% of all but one DOP standard is
hydrolyzed (the high-energy compound phosphocreatine
hydrolyzed 4.6%), and no apparent hydrolysis of the natural
seawater sample occurred [Monaghan and Ruttenberg,
1999]. Extent of hydrolysis during acidified (pH 1)/refrig-
erated storage showed similar results, with no detectable
DOP hydrolysis in the natural seawater sample after 84 days,
and slightly higher (<5%) hydrolysis of most standard DOP
compounds after 13—16 days. Again, exceptions were the
high energy compound phosphocreatine (86% hydrolyzed),
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expected to represent at most a minute fraction of the
natural DOP pool, if present at all, and the triphosphate
nucleotide GTP (9.3% hydrolyzed); note that ATP hydro-
lyzed <5% [Monaghan and Ruttenberg, 1999]. An advan-
tage to storing samples under acidified conditions prior to
analysis is that any polyphosphates will hydrolyze, remov-
ing this potential DIP under-recovery artifact. For simplic-
ity, we will refer to SRP as DIP in sections 4 and 5,
recognizing the possibility that SRP may be an approxima-
tion of “true” DIP. Importantly, the results of Monaghan
and Ruttenberg [1999] suggest that this may be a robust
approximation for coastal marine waters.

[17] Analysis of whole community APA was performed
on cell concentrates obtained by filtration of seawater
samples through 0.2-um polycarbonate filters. Frozen filters
were incubated at room temperature in 2-mL sterile, phos-
phate-free artificial seawater (ASW) [Lyman and Fleming,
1940] on a shaker table (200 rpm) for 10 min. The
fluorogenic phosphatase substrate 6,8-difluoro-4-methylum-
belliferyl phosphate (DiFMUP, Molecular Probes’ ) was
added to each sample at a final concentration of 10 uM.
Initial kinetic experiments in this system indicated that
10 pM is saturating for assays of maximal activity (data
not shown). After incubating with DiFMUP, splits of
samples were transferred to wells in a 48-well Co-Star
sample plate. Hydrolysis of DiFMUP to the fluorescent
product, 6, 8-difluoro-7-hydroxy-4-methylcoumarin
(DiFMU), was measured immediately on a temperature
controlled (25°C) CytoFluor multiwell plate reader (Persep-
tive Biosystems' ), and then at time intervals adjusted such
that the activity in the sample stayed in the linear range of
the assay (at least four measurements within 4 hours or
less). When present, APase will cleave phosphate from the
DiFMUP substrate, releasing orthophosphate and the fluo-
rescent DIFMU compound in direct proportion. Samples
were rotated gently on a shaker table in between fluorescence
measurements. A standard curve from 0 pM to 4.8 uM
DiFMU (Molecular Probes’) in ASW was generated and
used to calculate the rate of DOP hydrolysis. All hydrolyzed
substrate concentrations measured in sample assays fell
within this standard range.

[18] Cell-specific APA was performed according to the
protocol of Dyhrman and Palenik [1999]. Briefly, 1 L of
seawater was filtered through a Gelman Supor filter
(nominal pore size 0.8 pm), taking care not to allow the
cell concentrate to dry out. Concentrated cells were imme-
diately resuspended into 1 mL of 70% ethanol, placed into
an epitube, and stored at 4°C prior to the ELF substrate
incubation. Samples were processed within 2 weeks of
sample collection. Briefly, the ethanol was removed via
centrifugation and the resulting cell pellet was resuspended
in sterile, low phosphate seawater with 5% ELF-97 phos-
phatase substrate (Molecular Probes ) and incubated for
1 hour in the dark. After this incubation the cells were washed
twice and resuspended in 50 pL of sterile, low phosphate
seawater. These cell suspensions were stored at 4°C prior to
microscopic examination. Cells from the ELF-labeling pro-
cess were examined with a Zeiss epifluorescence microscope
using a DAPI (4', 6'-diamidino-2-phenyl-indole) long pass
filter set (ELF has a maximum emission at 520 nm when
excited at 350 nm). All cells were counted using bright-
field or DIC optics and then scored for positive or negative
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ELF-labeling based on the presence or absence of the
fluorescent precipitate visible with the DAPI filter set.
Percent ELF labeling for a given genus is reported as the
fraction of fluorescently labeled cells relative to the total
number of cells counted within that genus. Phytoplankton
cell counts on gluteraldehyde-preserved grab samples were
performed by Phycotech, Inc.

[19] Chlorophyll a (chl a) was measured on whole water
samples collected onto GF/F filters using a standard 95%
methanol extraction. The details of these chl a assays are
described elsewhere [Wetz and Wheeler, 2005].

4. Results

[20] Sampling station locations for this study are summa-
rized in Table 1. The nearshore, midshelf, and offshore
stations along the northernmost CH line (stations CH-1,
CH-3/4, and CH-6, water depths from 34.4 to 185.1 m)
were resampled daily within a span of a week, with the aim
of documenting daily variability in biogeochemistry along
this cross-shelf transect. A second cross-shelf transect was
occupied in the southernmost sampling grid (CP line), along
which an array of four stations (water depths from 52 to
670 m) were each occupied once, the entire transect
being sampled within a time span of 3 days. Six
additional stations arrayed between the CH and CP lines
were each sampled once within a 3-day period, immedi-
ately following completion of CP-line sampling (Table 1,
Figures 2a and 2b). All sampling was completed within
14 days, between 20 May 2001 and 2 June 2001.

[21] Sample temperature, salinity, chl a, and dissolved
phosphorus data are summarized in Table 2. Temperature
and salinity data are from the shipboard system. Chl a data
are from Wetz and Wheeler [2005].

4.1. Concentration Ranges, Precision, and Accuracy
of Dissolved Phosphorus Data

[22] Total dissolved phosphorus (TDP) concentrations in
0.4-um filtrates ranged from 0.24 to 2.78 pM, with a mean
concentration of 1.79 + 0.79 uM. The TDP range for 0.2-pm
filtrates was 0.21-2.98 pM, with a mean concentration of
1.79 £ 0.79 pM (Table 2; definition of errors is provided in
table footnotes). Precision of TDP analyses averaged
+0.02 uM. No samples fell below the detection limit for
TDP (3 times precision, or 0.06 pM). Dissolved inorganic
phosphorus (DIP) concentrations in 0.4-pm filtrates ranged
from 0.01 to 2.84 uM, with a mean concentration of 1.62 +
0.83 uM. The DIP range for 0.2-um filtrates was 0.01—
2.85 uM, with a mean concentration of 1.62 + 0.83 pM
(Table 2). Precision of DIP analyses averaged +0.01 pM.
Two samples (CP-5 (5 m) and ST-2 (5 m)) fell below the
calculated detection limit for DIP (3 times precision, or
0.03 pM). Dissolved organic phosphorus (DOP) concen-
trations in 0.4-um filtrates ranged from undetectable to
0.43 uM, with a mean concentration of 0.17 + 0.09 pM.
The DOP range for 0.2-pm filtrates was from undetectable
to 0.51 pM, with a mean concentration of 0.16 + 0.12 uM.
Precision of DOP analyses, as calculated by propagating the
error from TDP and DIP measurements (see Table 2),
averaged +0.02 pM. Because the concentrations in paired
0.4- and 0.2-pm filtrates of all three P pools are essentially
indistinguishable (Table 2), for simplicity we will limit our
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Figure 3. COAST-1 surface water data from nearshore station CH-1, the most frequently resampled
station along the CH line. Two upwelling-relaxation events were encountered over 7 days, from 20—
26 May, as indicated by the fluctuating temperature trends. DIP varies inversely with (a) temperature and
(b) chlorophyll a (chl a) in response to upwelling. In contrast, DOP tracks (c) temperature and (d) chl a.
Chlorophyll a data are from Wetz and Wheeler [2005].

presentation of field data to the 0.4-pm data; results and
interpretations based on 0.2-um filtrates would be identical.

4.2. Spatial Variability of Dissolved P
in Surface Waters

[23] Surface water DIP and DOP concentrations vary
substantially over the sampling grid (Figures 2a and 2b).
The highest DIP levels are found at nearshore stations,
varying between 0.18—0.20 at CP-2, CP-3, and Cape Foul-
weather (<83 m water depth, and within 13 km of shore), to
1.96 pM at CH-1 (<35 m water depth, and within 5 km of
shore), the highest surface water concentrations observed
during the study (Figure 2a). There is an apparent trend from
low DIP in the southern portion of the field area, over Heceta
Bank, to higher concentrations in the northern portion, along
the Cascade Head line. A clear trend of diminishing DIP
levels is apparent in progressively more offshore, deeper
water stations, with lowest DIP levels found in stations
offshore of Heceta Bank (0.01-0.08 pM), along the Stone-
wall, Waldport, and Cape Perpetua lines.

[24] A much smaller range of variability is observed in
DOP concentrations relative to DIP, and the pattern of DOP
variability is distinct from that of DIP (Figure 2b). As was the
case for DIP, the highest DOP levels are found at the more
nearshore stations, but the gradient in DOP with increasing
distance offshore is much less pronounced than that observed
for DIP. Offshore stations do not reach the low levels
observed for DIP; minimum surface water DOP concentra-
tions observed offshore are in the 0.2—0.25 pM range. Higher
DOP levels are consistently observed overall in the south-
ernmost portion of the grid, in the vicinity of Heceta Bank,
while the lowest DOP levels are observed along the north-
ernmost CH transect, which is the opposite of the DIP trend.

4.3. Temporal Variability of Dissolved P
in Surface Waters

[25] During the 7-day period from 20 May to 26 May
2001, the inshore station along the CH line was sampled
7 times (Table 1). Two upwelling and two relaxation events
occurred during this timeframe, as evidenced by the pattern

Notes to Table 2:

“Resample number equals 1 when stations were sampled only once. For stations that were sampled multiple times, the resample number denotes the
number of times that the station was revisited; for example, Resample 2 refers to the second time a station was visited.

Dates are given as m/dd/yy.
“Abbreviation NA denotes data not available.
dChlorophyll a data are from Wetz and Wheeler [2005].

°A denotes difference between duplicate dissolved P concentration measurements.
'RE% denotes relative error: (A/mean dissolved P concentration) x 100, where the mean dissolved P concentration is taken over duplicate measurements.

£Abbreviation b.d. denotes below detection.

hProp Error, propagated error calculated for DOP concentrations: square root {(ATDP)2 + (ADIP)2 }, where Arpp and Aggp are calculated from duplicate

measurements of TDP and DIP, respectively.
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Figure 4. Spatial variability in DOP and DIP depth profiles: CP transect. Depth profiles of DOP
(squares) and DIP (circles) along the CP-transect line, from (a) the shallowest, most nearshore station CP-
2 and progressively deeper stations (b) CP-3, (¢) CP-5, and (d) CP-11. Sampling date and water depth are
given in the legend for each panel. Note the difference in concentration scales for DOP and DIP plots.

Chlorophyll @ (chl a: triangles) trends generally parallel DOP trends, particularly for the three shallowest
stations. Chl a data are from Wetz and Wheeler [2005].
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Figure 5. Spatial and temporal variability in DOP and DIP depth profiles: CH transect. Depth profiles
of (a, b, ¢) DOP and (d, e, f) DIP along the CH-transect line, from the shallowest, most nearshore station
CH-1 (Figures 5a and 5d), and progressively deeper stations CH-3/4 (Figures 5b and Se), and CH-6
(Figures 5c and 5f). Legend gives sampling dates for each panel. Note the difference in concentration

scales for DOP and DIP plots.

of surface water temperature variability (Figures 3a and 3c),
with warmer temperatures observed during relaxation events
and colder temperatures reflecting the presence of upwelled
deep waters. Chl a concentrations track temperature, with
minima occurring in upwelled colder waters, and maximum
concentrations occurring during relaxation events, when
surface waters are characterized by warmer temperatures.
DIP and TDP (TDP data not shown) are inversely correlated
with temperature and chl a (Figures 3a and 3b), while DOP
tracks temperature and chl a (Figures 3¢ and 3d).

4.4. Depth Distributions of Dissolved P:
Spatial and Temporal Variability

[26] DIP and DOP depth profiles for stations from the CP
line, in general, display mirror-image concentration profiles:
DOP concentrations are highest in surface waters and

diminish with depth below the surface, while DIP concen-
trations are lowest in surface waters and increase with depth
(Figure 4: note the difference in concentration scales for
DIP and DOP). The near surface concentration maxima in
DOP correspond to near-surface chl a concentration max-
ima, particularly in the shallowest three stations (CP-2, -3,
and -5: Figures 4a, 4b, and 4c¢); this correspondence breaks
down at the deepest station (CP-11: Figure 4d) where chl a
concentrations are substantially lower than at the nearshore
and midshelf stations. Surface water DIP and DOP levels also
diminish with distance offshore, and surface to depth gra-
dients are less steep in offshore stations relative to nearshore
stations. The shallowest station (CP-2, Figure 4a) displays the
most regular depth variations, and the clearest mirror-image
relationship between DIP and DOP. TDP depth profiles (not
shown) are nearly identical to DIP profiles.
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Figure 6. Spatial and temporal variability in diatom genus
distribution: station CH-3/4. Three common diatom genera
observed during COAST-1, Thalassiosira, Pseudo-
nitzschia, and Thalassionema are shown on two sampling
dates: (a) 22 May 2001 (5 m), and (b) 25 May 2001 (5 m
and 12 m). There was no subsurface chl ¢ maximum on 22
May, hence the absence of data for the 12-m depth. In
contrast, a well-developed chl ¢ maximum was present on
25 May (Table 2), and thus samples from both surface
waters and the depth of the chl ¢ maximum were assayed.

[27] Multiple resampling of DIP and DOP depth profiles for
stations along the CH line (Table 1) affords insight into
temporal as well as spatial variability (Figure 5). The same
general features noted for the CP transect (Figure 4) are present
along the CH line: (1) DIP concentrations are lowest in surface
waters and increase with depth, while (2) DOP gradients trend
in the opposite direction, with highest concentrations at the
surface; (3) surface water DIP and DOP concentrations
diminish from higher levels at nearshore stations to lower
levels at offshore stations; and (4) gradients in DIP an DOP are
steepest in nearshore stations, and become progressively
less steep with distance offshore. While the nearshore station
(CH-1) displays substantial temporal variability in both DIP
and DOP depth profiles (Figures 5a and 5d), the midshelf
(Figures 5b and 5e) and offshore (Figures 5c and 5f) stations
display insignificant temporal variability in DIP; DOP, while
more variable than DIP, still displays less temporal variability
than is observed at the nearshore station. TDP depth profiles
(not shown) are nearly identical to DIP profiles.

4.5. Spatial Variability in Phytoplankton Community

Composition and Alkaline Phosphatase Activity (APA)

[28] As an example of the spatial variability encountered
in phytoplankton community composition, the distribution
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of three common diatom genera (Thalassiosira, Thalassio-
nema, and Pseudo-nitzschia) observed in the field are
presented for the midshelf station along the CH line
(Figure 6). Surface water samples (5 m) on 22 May 2001,
and from both surface water (5 m) and the depth of the chl a
maximum (12 m) on 25 May 2001, show distinct hetero-
geneity in diatom community composition in both time and
space. All genera are present at low and nearly equal cell
numbers in surface waters on 22 May (Figure 6a), but by
25 May (Figure 6b), Pseudo-nitzschia cell numbers in
surface waters have increased more than eightfold, while
Thalassiosira has roughly doubled and Thalassionema is
threefold lower. On the same day (25 May: Figure 6B), at
two adjacent depths, there is also marked spatial variability
among these three diatom genera. Of these genera, Pseudo-
nitzschia dominated surface samples, while at the chl a
maximum (12 m), Thalassionema dominated. Thalassiosira
cell numbers are 3 times higher in surface waters than at the
chl @ maximum, but are relatively low at both depths.

[29] Whole community APA was detected in all but two
samples assayed, including surface waters from all stations,
and subsurface waters from the stations that displayed a
subsurface chl ¢ maximum. Whole community activities
were low for the most part (Table 3), with most values
ranging from 0.1 to 0.7 nmol-P/L/h, but several samples had
APA well above this level, ranging up to a maximum of
14.37 nmol-P/L/h at station CH-3/4 on one of the three
sampling days. When normalized to chl a concentration to
obtain specific activities, most samples fall within the range
0f 0.02—0.5 nmol-P/pg chl a/h, with the maximum specific
activity at CH-3/4 of 8.55 nmol-P/ug chl a/h. When the
APA data set is taken as a whole, no relationship is evident
between APA and DIP (R®> = 0.03: plot not shown).
Likewise, there is no significant relationship between APA
and DIP along the CH transect (Figure 7a: R* = 0.13). In
contrast, APA along the CP line displays a significant
inverse correlation with DIP (Figure 7b: R* = 0.77). No
relationship was apparent between chl a-normalized APA
(e.g., specific APA) and DIP, whether the entire data set or
subsets along the different transects were examined (plots
not shown).

[30] A subset of cell-specific APA data (Table 4),
obtained using the ELF-labeling technique, is shown graph-
ically (Figure 8). We focus on station CH-3/4, the station for
which phytocount data were also presented (Figure 6). As
was the case for diatom community composition, spatial
and temporal variability is also evident in ELF data from the
5-m and 12-m depths at this station. While the %ELF
positive cells was highest for Thalassiosira in surface
waters on 22 May (Figure 8a), by 25 May Thalassiosira
and Thalassionema show equal percent of ELF-positive
cells in surface waters (Figure 8b); the %ELF positive
Pseudo-nitzschia cells in surface waters was low on both
dates. Looking at depth distributions of %ELF positive cells
on 25 May (Figure 8b), roughly 30% of cells in the genera
Thalassiosira and Thalassionema had ELF-detected APA at
5 m, while only 11% of cells in the genus Pseudo-nitzschia
had activity. At 12 m, in contrast, the percentage of ELF-
positive cells in the genus Thalassiosira had climbed to
50%, while Thalassionema had dropped to 0%. The per-
centage of ELF-positive Pseudonitzschia cells at the 12-m
chl @ maximum is approximately fivefold higher than in
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Table 3. Whole Community Cell-Bound Alkaline Phosphatase Activity (Community APA) for COAST-1
Surface Water and Subsurface Chlorophyll a (chl @) Maximum

Station Resample Date Water Community APA¢ Specific APA,¢ chl a,° DIP!
Identification Number® Sampled®  Depth,° m nmol-P/h nmol P/ pg chl a/hr pg/L uM
CH-1 1 5/20/01 5 0.20 0.05 3.81 0.72
CH-1 3 5/22/01 5 0.37 0.36 1.02 1.96
CH-1 4 5/24/01 5 0.52 0.04 11.66 0.60
CH-1 5 5/25/01 5 6.28 1.36 4.61 1.37
CH-1 5 5/25/01 10 3.12 0.59 5.26 1.38
CH-1 6 5/25/01 5 0.26 0.02 13.50 0.86
CH-1 7 5/26/01 5 0.42 0.07 6.53 1.75
CH-1 7 5/26/01 10 0.47 0.07 6.65 1.85
CH-3/4 1 5/22/01 5 0.02 0.03 0.64 0.77
CH-3/4 2 5/25/01 5 b.d. b.d. 1.54 0.64
CH-3/4 2 5/25/01 12 14.37 8.55 1.68 0.67
CH-3/4 3 5/27/01 5 0.24 0.28 0.87 0.46
CH-3/4 3 5/27/01 12 0.26 0.17 1.49 1.10
CH-6 1 5/21/01 5 0.08 0.25 0.31 0.18
CH-6 2 5/24/01 5 b.d. b.d. 0.27 0.24
CH-6 2 5/24/01 30 0.08 0.10 0.80 0.65
CH-6 3 5/27/01 5 0.14 0.36 0.38 0.22
CH-6 3 5/27/01 30 0.83 0.93 0.89 0.49
CP-11 1 5/29/01 5 0.11 0.65 0.17 0.18
CP-11 1 5/29/01 40 0.07 0.25 0.28 0.38
CP-2 1 5/28/01 5 0.12 0.02 8.46 0.18
CP-3 1 5/29/01 5 0.09 0.01 9.52 0.20
CP-3 1 5/29/01 10 0.08 0.01 10.83 0.37
CP-5 1 5/30/01 5 0.27 0.05 5.44 0.01
NHT-1 1 6/01/01 5 0.45 0.03 15.30 0.86
ST-1 1 6/01/01 5 10.88 1.21 9.01 1.13
ST-2 1 6/01/01 5 0.28 0.42 0.67 0.01
ST-2 1 6/01/01 35 0.39 0.41 0.95 0.55
WY-1 1 5/31/01 5 0.39 0.04 11.13 0.78
WY-1 1 5/31/01 40 0.54 0.45 11.88 2.40
WY-2 1 5/31/01 5 0.26 0.35 0.74 0.08
WY-2 1 5/31/01 20 0.45 0.19 2.36 0.36
CF-1 1 6/02/01 5 0.29 0.04 8.30 0.19
CF-1 1 6/02/01 10 0.69 0.11 6.5 0.92

“Resample number equals 1 when stations were sampled only once. For stations that were sampled multiple times, the
resample number denotes the number of times that the station was revisited; for example, Resample 2 refers to the second time

a station was visited.
PDates are given as m/dd/yy.

“Depths of 5 m are surface water samples; depths below 5 m represent the depth of the subsurface chlorophyll maximum,

which was sampled whenever it was present.
dAbbreviation: b.d., below detection.
°Chlorophyll a data are from Wetz and Wheeler [2005].
DIP data are for 0.4-um filtrates (see Table 2).

surface waters. Photomicrographs of cells at station CH-3/4
on sampling dates 22 May and 25 May show examples of
cells with APA (ELF-positive), and those that have no APA
(Figure 9).

5. Discussion

5.1. Ruling Out Filtration Artifacts in
DOP Quantitation

[31] The rationale behind measuring TDP and DIP in
both 0.4-um and 0.2-pm filtrates was to determine whether
particles in the 0.4-pm filtrate, particularly bacteria, might
contribute to the apparent DOP pool through inadvertent
cell lysis upon exposure to acidic storage and reaction
conditions. Bacterial-sized particles are excluded by 0.2-um
filters, whereas some portion of bacterial cells will pass
through the 0.4-pm filter and be present in the 0.4-pm filtrate,
so this comparison should be revealing of such an artifact, if it
exists. DIP and TDP in 0.4 pm and 0.2-pm filtrates are tightly
linearly correlated with best fit slopes of 0.998 to 1.000 and
correlation coefficients (R?) 0f0.9996 and 0.998, respectively

(Figures 10aand 10b). DOP in 0.4-pum and 0.2-pm filtrates are
also well correlated, with a slope 0of 0.94 and an R* 0f 0.91. In
this analysis, the 0.2-um filtrates were designated the inde-
pendent variable because these should not be prone to
artifacts resulting from particulate contribution to dissolved
P. Y intercepts of the full regressions were small and indis-
tinguishable from zero within error (see caption to Figure 10),
so best fit lines were forced through the origin; this
approach also yielded a markedly better fit for the DOP
regression line.

[32] The tight linear correlation and minimal scatter in
TDP and DIP comparisons (Figures 10a and 10b) suggest
that contribution of particulate-derived dissolved P in the
0.4-um filtrate is extremely minor. The contrast between
0.4-um and 0.2-um DOP provides a more sensitive indicator
of such an artifact, because excess DOP in the 0.4-pm
filtrate as a result of contribution from <0.4-um particulate
matter would constitute a larger fraction of the total DOP
pool. Because DOP is derived from the difference between
TDP and DIP, and these two numbers tend to be similar
(Table 2), there is greater error inherent in DOP concen-
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Figure 7. Whole community cell-bound alkaline phos-
phatase activity (community APA) plotted against DIP
concentrations for the (a) CH transect and (b) CP transect.
For ease of comparison, samples with activity above 1
nmol-P/L/h (n = 3) were excluded from the CH plot. While
no significant relationship exists between APA and DIP
along the CH transect (Figure 7a), a negative correlation
between APA and DIP is seen along the CP transect
(Figure 7b).

trations, which likely explains the greater scatter in the DOP
data (Figure 10c). The best fit slope described by the 0.4-um
versus 0.2-pm filtrate DOP, when all data are included in the
analysis, is close to 1 (0.94 + 0.02; R? = 0.91). When
outlying data points (12 out of 193 data points) are
removed, having been identified statistically as having
excessive residuals in the linear regression analysis, the
DOP slope even more closely approaches 1.0, and the
coefficient improves (0.96 + 0.016; R* = 0.95). Errors

% ELF-Labeled

Figure 8. Spatial and temporal variability in percent of
ELF-positive diatom cells: Station CH-3/4. The percentage
of cells of the three common diatom genera, Thalassiosira,
Pseudo-nitzschia, and Thalassionema, that assayed positive
for the ELF label are shown on two sampling dates: (a) 22
May 2001 (5 m), and (b) 25 May 2001 (5 m and 12 m). See
Figure 6 for cell numbers, and for description of sample
depths.

reported are standard errors. Results of this analysis suggest
that <0.4-pm-derived particulate matter does not contribute
significantly, or in any systematic way, to the 0.4-pm DOP
filtrate.

5.2. Physical and Biological Controls on Surface
Water Dissolved P Distributions

[33] There is an extremely high degree of both spatial and
temporal variability in the dissolved P pools within the

Table 4. Diatom Genus Abundance and Percent of Cells in Each Genus That Assayed Positive for ELF Labeling (%ELF Positive) for
Selected COAST-1 Surface Water and Subsurface Depths Where a Subsurface Chlorophyll a (chl @) Maximum Was Present

Resample Water  chl ¢ DIPS Abundance, cells/mL %ELF Positive
Station Number® Date® Depth, m pg/L  pM  Thalassiosira Pseudo-nitzschia Thalassionema Thalassiosira Pseudo-nitzschia Thalassionema
CH-1 6 5/25/01 5 13.5  0.86 76.4 82.5 552 7 4 0
CH-1 7 5/26/01 5 6.53 175 458.4 62.5 58.3 24 29 5
CH-3/4 1 5/22/01 5 0.64 0.77 35 6.9 5.2 53 3 9
CH-3/4 2 5/25/01 5 1.54  0.64 6.9 56.3 1.7 29 11 29
CH-3/4 2 5/25/01 12 1.68  0.67 23 34.0 44.0 50 49 0
CP-5 1 5/30/01 5 544  0.01 66.1 2604.3 49.6 7 14 25

“Resample number equals 1 when stations were sampled only once. For stations that were sampled multiple times, the resample number denotes the
number of times that the station was revisited; for example, Resample 2 refers to the second time a station was visited.

"Dates are given as m/dd/yy.
“Chlorophyll data are from Wetz and Wheeler [2005].
IDIP data are for 0.4 pm filtrates (see Table 2).
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Mid-Shelf Station CH-3/4

[A]

Resampling #1: 5/22/01 (5-m)

Thalassiosira

Pseudo-nitzschia

Resampling #2: 5/25/01 (5-m)

Resampling #2: 5/25/01 (12-m)

photo
unavailable

Thalassionema

photo
unavailable

Figure 9. Photomicrographs of ELF-assayed cells. Images of the diatom genera, Thalassiosira,
Pseudo-nitzschia, and Thalassionema, are from station CH-3/4: (a) Resampling 1 (22 May 2001, 5 m),
(b) Resampling 2 (25 May 2001, 5 m), and (c) Resampling 2 (25 May 2001, 12 m). Left panels are
brightfield images, and right panels are DAPI-long pass images to visualize the ELF-APA fluorescence.
Note that bright green fluorescence in right panels is indicative of activity (Thalassiosira), (Figures 9a,
9b, and 9c), and Pseudo-nitzschia (Figure 9c), whereas left panels show chlorophyll autofluorescence
only, indicative of a lack of activity.

COAST grid, driven by the dynamic nature of upwelling-
relaxation cycles occurring during spring and summer, and
the biological response to upwelled nutrients.
5.2.1. Surface Water Temporal Variability

[34] The inshore station along the CH line, which was
resampled 7 times over a 7-day period, provides a clear
example of the timescale and magnitude of temporal vari-
ability in surface water DIP and DOP that can occur in
response to upwelling and relaxation events (Figure 3). DIP
co-varies in a systematic way with temperature (Figure 3a)
and chl a (Figure 3b) in response to upwelling. Upwelling
events are characterized by colder temperatures, high DIP
concentrations, and low chl a. Following upwelling of cold,
high-DIP and low chl a water, relaxation is characterized by
warming of surface waters, and DIP drawdown accompa-
nied by an increase in chl a (Figures 3a and 3b), as
phytoplankton utilize DIP to synthesize new biomass. In
contrast to DIP, which varies inversely with temperature and
chl a, DOP tracks temperature and chl a (Figures 3¢ and
3d). During upwelling events, the colder, deeper water that
crops out at the surface is low in DOP, while during
relaxation DOP increases apace with chl a, suggesting that
phytoplankton are a source of DOP either directly through
excretion, or indirectly through grazing and microbial
mineralization. Thus the fluctuations in DIP and DOP

observed over this 1-week period are controlled by the
coordinated interplay of physical (upwelling/relaxation) and
biological (DIP uptake, DOP production) factors.
5.2.2. Surface Water Spatial Variability

[35] Surface water DIP concentrations are highest at
nearshore stations all along the sampling grid (Figure 2a),
reflecting the fact that upwelled deep, nutrient rich waters
crop out close to shore (Figure 1). DIP variability observed
along the CH line during the 7-day resampling period
encompasses almost the entire range of variability (>0.1—
2.0 uM) seen in the entire sampling grid. The only stations
that fall outside this range are the midshelf stations on
Heceta Bank, which are drawn down to near detection limits
(detection limit for DIP = 0.03 pM). The fact that multiple
daily sampling of three stations along one transect line
shows nearly as much variability as is seen grid-wide
indicates that one-time, synoptic sampling of a station grid
in a coastal field area, which is arguably the most common
sampling strategy adopted in coastal oceanographic field
studies, may provide a “snapshot” of nutrients and other
biogeochemical parameters that cannot be generalized over
longer (e.g., seasonal) timescales.

[36] The shore-perpendicular trends in DIP show system-
atically lower concentrations in offshore relative to near-
shore stations. This pattern is a direct result of the offshore
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Figure 10. Comparison of (a) DIP, (b) TDP, and (c) DOP
concentration data obtained from 0.4-pm versus 0.2-um
filtrates from all COAST-1 samples. The different filtrates
of all three pools are well correlated with slopes
indistinguishable from 1.0 in the case of DIP (Figure 10a)
and TDP (Figure 10b), and exceedingly close to 1.0 in the
case of DOP (Figure 10c¢). Slopes shown in the figure were
forced through the origin because y intercepts were small
and indistinguishable from zero within error: y = (0.003 +
0.006) + (0.996 + 0.003)x for TDP, y = (0.009 + 0.015) +
(0.996 £ 0.008)x for DIP. Slope for DOP is much closer to 1
when it is forced through the origin (Figure 10c),
particularly when outliers are omitted (see text). Errors
reported are standard errors; sample size is n = 193.

transport of surface waters driven by the upwelling regime.
The lower DIP levels observed at midshelf and offshore
stations are accompanied by higher temperatures (Figures 1
and 2; Table 2), reflecting a longer residence time of these
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waters at the surface, and thus a longer time elapsed since
they were upwelled near the coast. The DIP drawdown that
occurs once waters are upwelled (e.g., Figure 3) results in
the lower DIP observed in waters advected offshore.

[37] DIP concentrations along the CH line are markedly
higher than those observed in more southerly stations,
especially south of the Stonewall transect where Heceta
Bank begins to widen substantially (Figure 2a). The flush-
ing time of waters along the CH line, where the shelf is
narrow and the bathymetry simple, is substantially shorter
than on Heceta Bank in the vicinity of the CP line, where
flow velocities are weaker [Castelao and Barth, 2005].
Barth et al. [2005] estimate that while the open shelf
typified by the CH line may be flushed on the order of
days or less, flushing times on Heceta Bank may be longer
by an order of magnitude, such that waters may recirculate
around Heceta Bank for ~10 days before being advected
offshore. Thus the residence time of water is longer over
Heceta Bank, allowing a more protracted time for DIP
drawdown during phytoplankton production, prior to off-
shore advection. It is this longer residence time that gives
rise to the lower surface water DIP levels observed in the
southern part of the sampling grid, over Heceta Bank.

[38] As was pointed out in the previous section, correla-
tion of surface water DOP with chl a (Figure 3) suggests
that DOP is produced by phytoplankton. Thus the spatial
distribution of DOP is expected to track that of chl a,
reaching highest levels where phytoplankton production
and thus chl @ concentrations are highest, and vice versa.
The spatial distribution of DOP generally follows this
pattern, attaining highest levels at nearshore stations where
DIP and thus chl a concentrations are highest (Figure 2a;
Tables 2 and 3), and dropping to lower levels with distance
offshore. The shore-perpendicular DOP trends are less
pronounced than those observed for DIP. A number of
phenomena could explain the depressed nearshore-offshore
gradient, and three possibilities are presented here. In
addition to DOP production, it is likely that some portion
of the phytoplankton community also consumes DOP (see
discussion of alkaline phosphatase activity, below). If the
rate of DOP consumption is slower than the rate of DIP
drawdown, the contrast between nearshore and offshore
DOP concentrations will be damped relative to that seen
for DIP. Alternatively, it is possible that some fraction of the
DOP pool is not bioavailable, and thus DOP levels can be
drawn down just so far and no farther. The levels observed
in offshore surface waters thus may reflect the lower limit of
DOP utilization. It is also possible that the rate of DOP
production/consumption differs in nearshore versus offshore
stations owing to differences in phytoplankton and/or bac-
terial composition, physiology, and resultant differences in
DOP consumption and regeneration processes, and rates of
these processes. None of these explanations can be ruled out
with the present data set.

[39] In stark contrast to the spatial pattern in surface water
DIP, overall DOP levels are higher in the more southerly
stations of the sampling grid. This is consistent with the
lower flushing rates in the southern portion of the grid over
Heceta Bank, and the consequent longer residence time of
waters in this area. While the longer (~10-day) time span
which waters spend recirculating on Heceta Bank [Barth et
al., 2005] provides an extended time for phytoplankton
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drawdown of DIP, it also provides a longer time period over
which DOP can build up via excretion and/or grazing
processes. In contrast, DOP produced along the CH line
will be rapidly advected offshore, and will not have time to
build up in the nearshore.

5.3. Physical and Biological Controls on Depth
Distributions of Dissolved P

5.3.1. General Depth Trends

[40] The two transects highlighted for discussion in this
paper, the CH and the CP lines, display similar DIP- and
DOP-versus-depth trends in individual profiles for all sta-
tions. In general, DIP is lowest in surface waters, reflecting
uptake by phytoplankton, while higher DIP at depth reflects
regeneration of DIP from sinking particulate organic matter
(POM) produced in proximal surface waters, or from water
advected onshore at depth that carries DIP regenerated from
POM that was produced, sank, and was regenerated outside
the sampling grid (Figures 4 and 5). DOP is generally
highest in surface waters, and declines to low levels at
depth (Figures 4 and 5). Surface water DOP maxima also
have been observed in pelagic sites [Karl and Bjérkman,
2002; Loh and Bauer, 2000; Smith et al., 1986]. In almost
all cases the near-surface maximum in DOP concentration
in the COAST region coincides with a near-surface maxi-
mum in chl @ concentrations. This is displayed graphically
for the CP transect (Figure 4), where stations CP-2 and CP-
5, in particular, show nearly coincident DOP and chl a
maxima. This is similar to trends seen on the Eel River
Shelf of Northern California [Monaghan and Ruttenberg,
1999], where near-surface DOP maxima were coincident
with chl ¢ maxima. The similar depth distributions of DOP
and chl a suggest, once again, that consumption and
production processes that accompany the phytoplankton
are the source of DOP to surface waters. The close coupling
of DOP and chl a appears to break down at the most
offshore station, CP-11 (Figure 4d), where both chl a and
surface DOP concentrations are substantially lower than at
nearshore and midshelf stations (note scale differences for
chl a data presented in Figure 4).

5.3.2. Spatial Variability in Depth Trends

[41] Similar nearshore-offshore trends are observed for
both the CP line and the CH line. Focusing on the CP line
for simplicity (Figure 4), the mirror image depth profiles of
DOP and DIP are apparent across the shelf, but are most
smoothly and clearly delineated in the nearshore station CP-
2 (Figure 4a). Midshelf DOP and DIP depth profiles (CP-3
and CP-5, Figures 4b and 4c, respectively) appear to be the
composite of distinct strata. The upper layer displays
sharper concentration gradients in DIP, DOP, and chl a than
the lower layer and, within the lower layer these gradients
are intercalated with zones of nearly invariant DIP and DOP
concentrations. Depth trends in the offshore station (CP-11,
Figure 4d) can also be partitioned into an upper and lower
layer, but gradients are more muted within each layer
relative to nearshore stations.

[42] In the upper layer, DIP and DOP patterns are
dominated by the biological processes of DIP uptake and
DOP production and consumption, while gradients in the
lower layer are most likely created by advective water
motion rather than vertical diffusive processes, whereby
waters of relatively homogeneous DIP and DOP are trans-
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ported in an onshore direction during upwelling events,
while undergoing less biological processing of either DIP or
DOP relative to surface waters. The increase in DIP and
DOP seen in the bottom layer of stations CP-5 and CP-11
may reflect input of DIP and DOP from the underlying
seabed, a process also suggested by Loh and Bauer [2000]
for deep-water stations in the North Pacific and Southern
oceans. Station CP-5 also displays a near-bottom increase in
chl @, which may reflect bottom sediment resuspension.

[43] Unlike the CP transect, DIP and DOP depth profiles
along the CH transect (Figure 5) do not show clear evidence
of stratification. The absence of stratification can be
explained by the shorter residence time of water along the
CH line, as previously discussed, where rapid flushing of
the narrow northerly shelf prevents evolution of distinct,
vertically arrayed water masses. The longer residence time
of waters along the CP transect overlying Heceta Bank, in
contrast, permits development of strata that are biogeo-
chemically distinct.
5.3.3. Temporal Variability in Depth Trends

[44] While depth profiles along the CH transect are
qualitatively similar to those along the CP transect, the fact
that each station was resampled multiple times provides
insight into the magnitude of temporal variability that can
be observed, and how this varies along a shore-perpendic-
ular transect. The high degree of DIP and DOP variability
seen in the nearshore station (Figures 5a and 5d) is a direct
result of fluctuating conditions driven by upwelling-relax-
ation events, the effects of which are most pronounced in
the nearshore region. The temporal variability that was so
clearly seen in surface waters (Figure 3) propagates down to
depth at this shallow, nearshore station. The midshore and
offshore stations are substantially insulated from the up-
welling-relaxation driven fluctuations so clearly manifested
in the nearshore station, as evidenced by the smaller degree
of variability in DOP (Figures 5b and 5c) and especially
DIP (Figures 5e and 5f) depth profiles. Bottom water DIP
levels are quite similar for all stations, reflecting the deep
source water that is advected inshore at depth, while surface
water DIP becomes progressively depleted moving from
station CH-1 to more offshore stations. The inverse pattern
is observed for DOP, however there is little difference in
DOP profiles at the midshore and offshore stations, suggest-
ing that stable DOP concentration levels may have been
reached, perhaps indicating a balance between DOP pro-
duction and consumption at these stations or, alternatively,
indicating a residual pool of unreactive DOP. A particularly
striking feature of these data is the fact that the variability
seen for the nearshore station (Figures 5a and 5d) encom-
passes the full range of variability seen in the more offshore
stations. This high degree of temporal variability again
underscores the danger of extrapolating from a synoptically
sampled grid, which may provide a snapshot of dissolved P
distributions that are reflective only of a particular time, and
may not capture the true range of P distribution that can
occur in dynamic coastal systems such as this one.

5.4. Linking Dissolved P Distributions With Enzymatic
Indicators of DOP Hydrolysis

[45s] Dissolved organic phosphorus molecules are not
typically directly bioavailable to phytoplankton [Cembella
et al., 1984]. However, phytoplankton can produce phos-
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phophydrolytic enzymes, such as alkaline phosphatase
(APase), that cleave orthophosphate from phosphomonoest-
ers, thus producing bioavailable P from an initially unavail-
able substrate [Ammerman, 1991; Cembella et al., 1984,
Chrost and Overbeck, 1987; Chrost, 1991]. APase is
typically an inducible enzyme in phytoplankton, meaning
that it is expressed only when the physiological cue,
generated by low orthophosphate levels, is triggered in the
organism. There are a number of exceptions, however. For
example, there are strain differences in the ability to
hydrolyze phosphomonoesters, and some taxa may have
low-level constitutive activity, meaning that enzyme activity
is always present regardless of external or internal P levels
[Dyhrman and Palenik, 2003; Gonzalez-Gil et al., 1998;
Scanlan and West, 2002]. In the COAST study area, we
have documented P-related changes in diatom APA sug-
gesting P regulation of the enzyme activity [Dyhrman and
Ruttenberg, 2005; Ruttenberg and Dyhrman, 2004]. The
presence and regulation of APA in this system suggests that
the diatoms examined herein have the capacity to utilize
phosphomonoesters present in the DOP pool as a source of
bioavailable P.

5.4.1. Whole Community APA

[46] Analysis of APA in cells concentrated by filtration
onto 0.2-um filters provides a measure of the cell-bound
APA in the whole community, including all phytoplankton
and bacteria trapped on the filter. Thirty-two of the thirty-
four samples assayed had APA (Table 3). Although direct
comparison of APA across studies in different environments
is difficult because activity is influenced by so many highly
variable factors (e.g., community composition, cellular
physiology, P biogeochemistry), the activities observed in
the COAST study area were generally comparable to those
observed in other studies, one from a coastal region and the
other from the oligotrophic North Atlantic [Ammerman et
al., 2003; Labry et al., 2002]. Much higher activities have
been observed, however, in anthropogenically impacted
coastal systems (e.g., the high-nitrate Mississippi outflow
and Louisiana Shelf [Ammerman and Glover, 2000]) and
low P freshwater systems [e.g., Chrost and Overbeck, 1987;
Chrost, 1991; Rengefors et al., 2001, 2003].

[47] APase expression is generally triggered by low
cellular phosphate levels, which often correspond to low
ambient DIP in the host water [Ammerman, 1991; Cembella
et al., 1984; Chrost, 1991; Healey and Hendzel, 1980], such
that we would expect APA to show a negative correlation to
ambient orthophosphate concentrations. Such a relationship
has been observed in freshwater [Chrost and Overbeck,
1987; Chrost, 1991] and coastal ocean [Ammerman, 1991;
Fourquerean et al., 1993] studies. No such correlation
exists for the COAST-1 data set when taken as a whole.
An examination of the geographically distinct regions of the
study grid, however, permits insight into why such a
relationship may not be apparent shelf wide.

[48] Along the northern CH transect, no systematic cor-
relation between DIP and APA is apparent (Figure 7a: R? =
0.13), while a significant negative correlation is apparent for
stations from the CP transect over Heceta Bank in the south
(Figure 7b: R? = 0.77). This is consistent with the two
distinct hydrographic regimes that characterize the shelf in
the region of the CH line versus that over Heceta Bank. As
was discussed previously, the flushing time on the northern
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part of the grid, along the CH line, is rapid: on the order of
days or less [Barth et al., 2005; Castelao and Barth, 2005;
J. A. Barth, personal communication, 2005]. Thus there
may be insufficient time for an anticorrelative relationship
between DIP and APA to grow in along the CH transect, as
waters are advected away before such a relationship can
develop. In contrast, the ~10-day residence time over
Heceta Bank [Barth et al., 2005] could allow ample time
for development of a systematic relationship between DIP
and APA (Figure 7b). In fact, incubation experiments
conducted with samples from this field area suggest that such
a relationship is observable within a 5-day timeframe [Dyhr-
man and Ruttenberg, 2005; Ruttenberg and Dyhrman, 2004].

[49] One particularly striking observation is that APA
occurs in cell concentrates from surface waters characterized
by relatively high DIP, ranging from a low level of 0.01 pM up
to 1.96 uM DIP (Table 3). In fact, some of the highest
activities observed occur in samples with DIP concentrations
in excess of 1 pM. These observations raise the question of
why the phytoplankton synthesize APase, an energetically
taxing process, when ambient DIP levels should be adequate
to fulfill their phosphate demand? We offer three possible
explanations for this apparent paradox. The samples exhibit-
ing APA in relatively high-DIP waters may reflect microscale
variability in the dissolved phosphorus field. It may be that
DIP is depleted in the near vicinity (nanoscale to micrometer
scale) of individual cells, a feature that is not resolvable with
bulk water DIP concentration measurements. The cell thus
experiences a DIP-depleted microenvironment and mounts
the phosphate stress response of up-regulating APA, despite
the fact that DIP in the bulk of the water beyond the micro-
zone adjacent to the cell is relatively high. This notion of
microscale features in biogeochemistry and physiology has
been articulated previously [Azam, 1998; Azam and Worden,
2004; Dyhrman and Palenik, 2001]. An alternative explana-
tion is that presence of APA in relatively high DIP waters
reflects the nutritional history of the cell. In other words, the
waters in which the cell was stimulated to produce APA had a
different (and lower) DIP level than the waters in which the
cell was collected. One sample that fits this explanation
particularly well is the 40-m sample at Station WY-1, which
has APA of 0.54 nmol-P/L/h at a DIP of 2.40 uM (Table 3).
This sample was collected immediately above the seabed, and
is likely enriched in DIP owing to diffusive input of DIP
from bottom sediments. Thus, while the cells were
presumably mixed down from the surface, retaining the
physiological signature of P stress due to lower surface
water DIP, the ambient DIP has been augmented by
diffusive input from the seabed. A third possibility is
that the kinetics of phosphate uptake, which often differ
substantially between different phytoplankton species
[Cembella et al., 1984], and the cycling rate of the DIP
standing stock, will influence a species’ ability to com-
pete for DIP in a given environment, and thus influence
species-specific P stress response mechanisms like the up-
regulation of APA. None of these explanations are
mutually exclusive of the others, and one or more may
be operating simultaneously.
5.4.2. Cell-Specific Alkaline Phosphatase Analysis

[s50] Whole community APA rates, such as those discussed
above, provide insight into potential DOP hydrolysis and
bioavailability to the entire community. However, the enzyme
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is found in many organisms, including both heterotrophic
bacteria and phytoplankton; thus whole community rates do
not allow estimation of the APA contribution from primary
producers. To address this ambiguity, we also examined APA
associated with specific phytoplankton taxa using Enzyme
Labeled Fluorescence (ELF). ELF fluorescently tags individ-
ual cells with APA, enabling identification of those members
of the phytoplankton community that are contributing to the
whole community APA. ELF offers superior resolution to size
fractionation, in that ELF can identify single-cell activity in
organisms of the same size class. The ELF technique is being
increasingly used to identify cell-specific APA in field
populations from marine and freshwater environments
[Carisson and Caron, 2001; Dyhrman and Palenik,
1999; Dyhrman et al., 2002; Rengefors et al., 2001,
2003].

[s1] ELF analysis revealed that a number of diatom
genera display APA, and that there is substantial heteroge-
neity in APA among genera. For example, the midshelf
station CH-3/4 was resampled on 22 May and 25 May, and
the distribution of diatoms exhibiting APA was markedly
different in surface waters on both these days (Figure 8a and
8b). Likewise, the distribution of APA on the same day (25
May), between surface water (5 m) and the depth of the chl
a maximum (12 m), is substantially different (Figure 8b).
Note that there was no chl ¢ maximum on 22 May (Table 2).
Differences in APA between genera can result from several
factors, including the potential for DIP storage and differ-
ences in regulation of APA in different microbes. The ELF
assay reveals that APA in cells within the same genus can
vary, as well, with positive and negative cells occurring in
the same sample. The observed differences in ELF-APA
exist at 5 m on two different dates, and between 5 and 12 m
on the same date, despite the fact that ambient DIP for on
these dates was relatively high and similar (Table 3: 0.64—
0.77 pM). The potential for small-scale heterogeneity in
phytoplankton cellular physiology is a topic that is only
recently being addressed as new cell-specific methods like
ELF assays are applied to field populations. As was
discussed previously for the whole community APA data,
possible explanations for the variability in physiology could
be attributed to small-scale differences in the nutrient
environment of the cells, or differences in the nutritional
history of individual cells.

[52] One of the most noteworthy observations in this field
study has been the degree of small-scale heterogeneity in
both space and time not only of dissolved P pools (see
earlier discussion), but of phytoplankton biomass (inferred
from chl a), phytoplankton community composition, and
phytoplankton phosphorus physiology as revealed by met-
rics of DOP hydrolysis (i.e., ELF-APA).

5.5. Importance of Linking Biogeochemistry to the
Physical Regime

[53] Biogeochemical parameters such as dissolved P,
whole community APA and ELF APA in surface waters at
midshelf station CH-3/4, which is removed from the site of
the most intense upwelling, reflect the cumulative biogeo-
chemical processes initiated in the nearshore zone of up-
welling, in addition to those that continue as surface water is
advected offshore. In order to fully understand the physio-
logical status of the phytoplankton with respect to P
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demand, the biogeochemical features observed at a given
location at a given time must be explicitly linked with a
comprehensive view of the hydrography of the study area.
For example, manifestation of APA in an algal cell is a
response not only to current ambient conditions, but also
reflects the past history of the cell. Thus, while upwelling
conditions were present on 22 May, as indicated by low
surface water temperatures at nearshore station CH-1
(Figure 3), the midshelf station CH-3/4 on this date most
likely reflects relaxation conditions that characterized the
nearshore on the previous day (Figure 3). Likewise, while
relaxation characterizes the nearshore on 25 May (Figure 3),
midshelf station CH-3/4 more likely reflects the tail end
of the previous upwelling period, and thus hosts post-
upwelling water being advected offshore. Consistent with
this scenario, surface water chl a is a factor of two higher
at CH-3/4 on 25 May than it is on 22 May (Table 4);
DIP is lower and DOP is higher on 25 May relative to 22 May
(Tables 2 and 4). The pursuit of a coupled physical-
biogeochemical study that would allow such an analysis
to proceed at a quantitative level is beyond the scope of
the present paper, but clearly is the next step in understand-
ing P cycling and biological response in this upwelling-
dominated system.

6. Conclusions

[s4] Patterns of nutrient delivery to coastal systems, the
role of dissolved organic nutrients in supporting primary
production in the coastal ocean, and the role of productive
coastal margins in transport of dissolved and particulate
organic matter to the open ocean, are topics currently under
intense scrutiny. Given recent observations on the impor-
tance of phosphorus in various oceanic regimes, and the
large contribution of the coastal ocean to global production,
there is heightened motivation to understand P biogeochem-
istry and bioavailability in coastal systems. As most carbon
burial in the oceans occurs on the continental margins
(>80% [Berner, 1982; Hedges and Keil, 1995]), it is of
fundamental importance to understand the mechanisms
driving nutrient supply to these productive regions.

[s5s] The high spatial- and temporal-resolution sampling
and analysis of dissolved P pools (DIP, DOP), whole
community and single cell alkaline phosphatase activity,
and phytoplankton community composition, all reveal a
high degree of heterogeneity in space and time in the
upwelling-dominated Oregon Shelf study region. Daily
resampling of a nearshore station over a l-week period
revealed that surface water DIP and DOP co-vary in
systematic, but opposing ways with changing temperature
and chl a, with changes in DIP varying inversely with
temperature and chl a, while DOP changes parallel temper-
ature and chl a. These fluctuations in surface water DIP and
DOP are controlled by the coordinated interplay of physical
(upwelling/relaxation) and biological (DIP uptake, DOP
production) factors. The coincidence of highest DOP with
high chl a concentrations suggests that phytoplankton are an
important source of DOP. At the same time, however, the
presence of alkaline phosphatase activity in phytoplankton
suggests the potential for enzymatic DOP hydrolysis and
production of bioavailable DIP from an initially unavailable
substrate. Evidence for simultaneous production and poten-
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tial consumption of DOP by phytoplankton need not be
viewed as paradoxical, as it may be that certain groups
within the phytoplankton are responsible for production
while others may be more active in enzymatic DOP hydro-
lysis and subsequent DIP uptake. Artifacts in DOP concen-
tration from 0.4-pm filtrates due to bacterial cell lysis
appear to be minimal.

[s6] Examination of one resampled station reveals
changes in phytoplankton biomass and community compo-
sition, and in levels of whole community and cell-specific
(ELF) APA, on a timescale of days. ELF analysis revealed
that a number of diatom genera display APA, and that there
is substantial heterogeneity in APA both among and within
genera. The observation of APA in surface waters with
relatively high DIP, as well as the variability in APA
observed at the whole community and at the single cell
level, could result from microscale differences in the nutri-
ent environment of cells, or differences in the nutritional
history of cells.

[57] Mirror-image depth profiles of DIP and DOP illus-
trate the different processes that control the presence and
distribution of these dissolved P pools. While DIP concen-
trations are lowest in surface water and increase with depth,
reflecting biological uptake at the surface and regeneration
at depth, as well as advection of deep nutrient-rich water
from offshore, DOP concentrations display the opposite
trend. High surface water DOP reflects production via
excretion and/or grazing; the low levels observed at depth
indicate extensive remineralization of DOP must occur,
preventing accumulation in deeper waters. Variability in
DIP and DOP profiles observed at one station over a 1-week
period nearly encompasses the range of concentrations
observed throughout the COAST sampling grid, indicating
that temporal variability can be similar in magnitude to
spatial variability, and emphasizing the risk of extrapolating,
in time or space, from single time-point sampling.

[s8] The high degree of temporal variability observed in
dissolved P pools, phytoplankton biomass, phytoplankton
community composition, and phytoplankton phosphorus
physiology, illustrates clearly the patchiness that character-
izes biogeochemical parameters in the coastal ocean. One-
time, synoptic sampling of a coastal system very likely will
provide a snapshot of biogeochemical distributions that will
not reflect the true range of distributions that can occur over
timescales as short as days-to-weeks. Extrapolation from a
synoptically sampled grid to longer timescales, such as
seasonal timescales, is likely even more risky.

[s59] The physical regime in the northernmost portion of
the study area differed substantially from that in the south-
ern portion, as a result of different flushing times driven by
the contrast in bathymetry of the two regions. The higher
rate of flushing on the narrow northern shelf prevented the
extensive DIP drawdown and the high buildup of DOP that
was observed over the broader shelf in the south, over
Heceta Bank. Further, the shorter residence time of water
over the northern transect did not allow the evolution of a
relationship between DIP and APA, while this relationship
was clearly present over Heceta Bank, where residence time
of water is substantially longer. Thus patterns of biogeo-
chemical parameters are profoundly influenced by bathym-
etry and the physical regime, as is clearly seen in the
dissolved P, APA, and phytoplankton community composi-
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tion data presented here. A quantitative treatment of the
physical-biogeochemical linkages will be addressed in fu-
ture work, a goal made possible by the multidisciplinary
COAST platform.
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