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Abstract Alkaline phosphatase expression by phytoplank-
ton from two sites in Winyah Bay, SC, USA was inves-
tigated using nutrient-addition bioassays and cell-specific
enzyme-labeled fluorescence (ELF) measurements. Our aim
was to determine whether expression was group- or
species-specific within the phytoplankton community.
Diatoms dominated the riverine site in May, the coastal
site in July, and both sites in August. Phytoplankton growth
was limited by nitrogen (N) availability at the coastal site in
May and the riverine site in August, but phosphate
limitation was not observed. Alkaline phosphatase expres-
sion ranged from ~30% of cells enumerated to less than 1%
and was significantly reduced by inorganic phosphorus (P;
10 uM P) additions. Expression was restricted to species
with low abundance, and there were no shifts in community
composition consistent with alkaline phosphatase expres-
sion. Lack of phosphate limitation at higher-than-Redfield
N/P ratios (up to 40:1), however, points to a potentially
wider role of dissolved organic phosphorus in nutrition of
Winyah Bay phytoplankton than indicated by the ELF
assay.
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Introduction

Phosphorus (P) is essential for the growth and reproduction
of all aquatic organisms. In the water column, P exists in
both particulate and dissolved forms, both of which may
contain organic and inorganic constituents (Solérzano and
Sharp 1980). The dissolved inorganic P fraction, opera-
tionally defined as soluble reactive phosphorus (SRP), is
monitored routinely in rivers, lakes, and estuaries by water
quality managers for regulation purposes. However, SRP is
not always the dominant fraction of the total dissolved
phosphorus (TDP) pool, nor is it the only fraction that is
bioavailable (Kuenzler and Perras 1965; Cembella et al.
1984; Sakshaug et al. 1984). The dissolved organic
phosphorus (DOP) component can comprise a significant
portion of the TDP pool in a variety of aquatic environ-
ments (Meybeck 1993) and may serve as an alternative P
source for bacteria and some phytoplankton (e.g., Cembella
et al. 1984; Bentzen et al. 1992; Ruttenberg and Dyhrman
2005). DOP is a complex mixture of organic constituents
such as monophosphate esters, nucleotides, polyphosphates,
and phosphonates that have natural or anthropogenic origins
(see reviews by Benitez-Nelson 2000; Karl and Bjorkman
2002). Currently, we have a limited understanding of the
composition and biological utilization of DOP in marine
systems (Bjorkman and Karl 1994; Karl and Yanagi 1997).
In estuaries, the composition and biological role of DOP is
even less well characterized. DOP can be a significant
fraction of the P delivered from land to the marine
environment (Meybeck 1993; Guildford and Hecky 2000),
and river-transported terrigenous DOP has been recognized
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as a potential source of P for coastal marine organisms
(Suzumura et al. 1998).

Bacteria have long been known to play an important role
in DOP uptake and utilization (Kuenzler and Perras 1965;
Ammerman and Azam 1985; Cotner and Wetzel 1992).
More recently, attention has focused on the role of phyto-
plankton in DOP dynamics (Dyhrman and Palenik 1999;
Rengefors et al. 2003; Dyhrman 2005). DOP utilization by
both bacteria and phytoplankton is mediated by the expres-
sion of a number of enzymes including extracellular alkaline
phosphatases (Kuenzler and Perras 1965; Ammerman
1991). Alkaline phosphatases specifically hydrolyze phos-
phomonoesters into bioavailable phosphate at alkaline pH
(Kuenzler and Perras 1965; Jansson et al. 1988).

Alkaline phosphatase activity is thought to be triggered
by low inorganic P availability (Kuenzler and Perras 1965)
and has been used as an indicator of P status in a variety
of phytoplankton communities including those in lakes
(Rengefors et al. 2003; Dignum et al. 2004; Cao et al.
2007), coastal oceans (e.g., Labry et al. 2005; Dyhrman and
Ruttenberg 2006; Nicholson et al. 2006), and open-ocean
environments (Li et al. 1998; Lomas et al. 2004). More
recently, alkaline phosphatase activity has been shown to be
better correlated to intracellular P or total cellular P than to
ambient concentrations (Vahtera et al. 2007; Litchman and
Nguyen 2008), since phytoplankton are able to accumulate
P beyond what is needed for immediate metabolic require-
ments (the “luxury consumption” concept of Droop 1973).

The traditional approach to measuring alkaline phospha-
tase activity relies on bulk assays of whole water samples,
using a specific phosphomonoester substrate that is added
to a sample and hydrolyzed in the presence of alkaline
phosphatase (Perry 1972). While bulk assays yield the rate
of potential alkaline phosphatase hydrolysis in a sample,
they do not discriminate between the activities of the
bacteria and the phytoplankton (unless samples are size-
fractionated), nor do they distinguish species-specific
responses within the phytoplankton community (Dyhrman
and Palenik 1999; Rengefors et al. 2001; 2003). An
alternative approach, developed more recently, is to use an
enzyme-labeled fluorescence (ELF) technique that allows
the visualization of alkaline phosphatase expression by
individual cells (Gonzalez-Gil et al. 1998). One specific
assay known as ELF-97® (Molecular Probes, OR, USA)
makes it possible to detect alkaline phosphatase expression
in individual cells and thus phytoplankton species, while at
the same time discriminating the activity of phytoplankton
from bacteria in the same water sample (Gonzalez-Gil et al.
1998; Dyhrman and Palenik 1999). The ELF assay has
been used to study alkaline phosphatase expression by a
variety of freshwater and marine phytoplankton taxa,
including diatoms (Rengefors et al. 2001; Ruttenberg and
Dyhrman 2005; Ou et al. 2006), dinoflagellates (Gonzalez-
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Gil et al. 1998; Dyhrman and Palenik 1999; Nicholson et
al. 2006), chlorophytes (Rengefors et al. 2001; Cao et al.
2007) and cyanobacteria (Dignum et al. 2004; Strojsova et
al. 2005; Mackey et al. 2007). Within these algal groups,
alkaline phosphatase expression appears to be species-
specific, and even within species, expression may vary both
spatially and temporally (Ruttenberg and Dyhrman 2005;
Mackey et al. 2007).

Temporal, spatial, and species-specific variability in
alkaline phosphatase expression may be particularly impor-
tant in dynamic estuarine ecosystems. Phytoplankton com-
munity composition will vary along an estuary as a function
of many biological, chemical, and physical factors related
to tidal forcing and riverine inflow. Phytoplankton com-
munities are also subject to variable nitrogen (N) and P
loading, and thus, productivity may be either N- or P-
limited depending on season or location (Mallin et al. 1999;
Klug 2006). While N is traditionally considered to be the
limiting element in coastal marine habitats, reductions in
inorganic P loading without concomitant reductions in N
have resulted in periodic P limitation in some estuaries
(Mallin et al. 1999; Murrell et al. 2002; Klug 2006).
Evidence of P limitation of community production has
been found in regimes ranging from restricted (Smith and
Atkinson 1984; Krom et al. 1991) and shallow marine areas
(Fourqurean et al. 1992; Glibert et al. 2004) to open-ocean
regions of the North Atlantic and North Pacific (Cotner et
al. 1997; Karl and Yanagi 1997). However, stoichiometric
determinations of P limitation that assume inorganic P is
the sole source for phytoplankton neglect to consider that
DOP may provide an alternative source of P to phyto-
plankton capable of alkaline phosphatase expression. The
ability to use both DOP and inorganic P may also confer a
competitive advantage in terms of P acquisition and may
contribute to the success of one species or taxonomic group
of algae over another when inorganic P is low.

The extent of alkaline phosphatase expression by estua-
rine phytoplankton and associated impacts on community
composition are poorly known. In this study, we focused on
phytoplankton from a coastal plain estuary, Winyah Bay, SC,
USA. We investigated whether phytoplankton in Winyah
Bay showed alkaline phosphate expression, whether expres-
sion was group- or species-specific and whether there were
accompanying shifts in phytoplankton community compo-
sition with nutrient manipulations.

Materials and Methods

Study Site Winyah Bay is a 65 km? partially mixed coastal
plain estuary located near Georgetown County, SC, USA
(Fig. 1). In terms of discharge, it is the fourth largest estuary
on the eastern coast of the USA with a total drainage area of
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Fig. 1 Winyah Bay, South Carolina, showing coastal (4) and riverine
(B) sampling sites and Clam Bank Creek (CC) in North Inlet, site of
coastal sample bioassay incubations. The main rivers flowing into
Winyah Bay include the Pee Dee, Black, Waccamaw and Sampit, as
labeled

approximately 47,000 km?® (Patchineelam et al. 1999). Of
the four rivers that flow into Winyah Bay, the Pee Dee
River contributes approximately 90% of the total riverine
discharge into the bay (Patchineelam et al. 1999). The Pee
Dee, Black, and Waccamaw Rivers are influenced by
agricultural runoff and flow from upstream swamps and
forested land. The Sampit River, a tributary of Winyah Bay,
is affected by effluent from a paper mill, a steel mill, and a
municipal sewage treatment plant (South Carolina Sea
Grant 1992).

Table 1 Temperature (Temp), salinity (Sal), and diffuse attenuation
coefficients for photosynthetically available radiation (Kpar) and for
blue light (K44,) from surface water at riverine and coastal collection

Bioassays We examined alkaline phosphatase expression
and growth responses of phytoplankton communities from
Winyah Bay to additions of inorganic P and N (as nitrate)
using a bioassay approach. These experiments were
designed to study alkaline phosphatase expression with
varying inorganic P and excess N availability (the latter an
experimentally forced P limitation treatment), but they also
allowed us to address the question of whether N or P was
limiting to phytoplankton growth in Winyah Bay.

Surface water was collected from two stations in Winyah
Bay, designated “riverine” and “coastal” (Fig. 1) using a
I-m integrated water sampler on three dates (May 29,
July 3, and August 14, 2006). The riverine site was at the
confluence of the Black, Pee Dee, and Waccamaw Rivers;
the coastal site was located between the jetties at the
entrance to Winyah Bay (Fig. 1). Collection at these two
sites allowed us to examine responses of phytoplankton
communities under different relative influences of fresh-
water and the coastal ocean (Table 1). All water was
prescreened using a 100-um mesh to remove large grazers
and was kept in 10-L acid-washed containers on ice in the
dark until incubations began (for less than 1 h). A total of
90 L was collected from each site and was distributed into
nine 10-L Cubitainers®. Triplicate cubitainers were amended
daily with either nitrate (as KNOjs; final concentration=
20 uM N) or phosphate (as KH,POy; final concentration=
10 uM P). Controls, along with all containers, had silicate
(Na,SiO3; final concentration=200 puM Si) added to
prevent possible silica limitation of diatoms. Silicate was
the only nutrient added to the controls. The relatively high
concentrations of N were added to prevent inorganic N
limitation and to promote inorganic P limitation, while the
relatively high P additions were used to suppress phospha-
tase activity.

Riverine samples were incubated in situ at the Georgetown
Landing Marina close to the site of water collection. Since it
was logistically difficult to incubate the coastal samples at the

sites and at the coastal sample incubation site (Clam Bank Creek,
North Inlet) in May, July, and August 2006

Riverine Coastal

Clam Bank Creek

Temperature Sal

Kpar (™) Kasr (mﬁl) Temperature Sal Kpar (m ') Kaup (m™") Temperature Sal

Kpar (M) Kagr (m™)

) ) o)
May  24.8 6.4 30  na 275 35 0.8 na 2530 31-37 07 1.4
July 28.4 0.1 2.8 na 29.6 10 1.5 na 28-32 28-35 0.7 1.4
Aug 272 13 25 7.5 28.7 35 L6 27 27-31 3637 07 1.4

Clam Bank Creek temperature and salinity data are the range from minimum to maximum values for the duration of the incubation. At both incubation
sites, two layers of neutral density screening were placed on top of the incubation corral, reducing incident light intensity to ~30% of in-water surface
irradiance. Values for Kpar for Clam Bank Creek are from Richardson et al. (in preparation), while K44, are from Lawrenz et al. (2009).

n.a. not available
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collection site, cubitainers were incubated in situ at Clam
Bank Creek (Fig. 1), a site similar in temperature and light
regime to the collection area (Table 1). Incubation of the
samples in conditions similar to their site of collection was
important because of the distinctly different spectral quality
of available irradiance at the collection sites (Lawrenz et al.,
2009). Irradiance at the riverine site is strongly influenced
by the blackwater nature of the inflowing rivers where
absorption of blue light by colored dissolved organic matter
(CDOM) is high. The coastal collection site, in contrast, is
much less strongly influenced by CDOM absorption (lower
K44p nmvalues, see Table 1). Vertical profiles of photosyn-
thetically available radiation (PAR; 400-700 nm) at each
collection site were measured using a submersible scalar
quantum sensor (LI-COR, Lincoln, NE, USA) connected to
a LI-COR data logger. At each incubation site, cubitainers
were floated in a 1.1-m? corral covered with two layers of
neutral density screening to simulate average water column
irradiance and to prevent photoinhibition. Samples were
collected initially (day 0) and on days 1 and 2. Two-liter
subsamples were removed from each container once per day
(at 0900 hours for the riverine samples, 1300 hours for the
coastal samples) for analyses.

Chemotaxonomic photosynthetic pigments, nutrient con-
centrations, and cell-specific alkaline phosphatase activity
(by ELF assay) were determined on days 0, 1, and 2 of each
experiment. Voucher samples for confirmation of pigment-
based assessments of phytoplankton community structure by
microscopy were collected on day 0, preserved in Lugol's
iodine or 2% (final concentration) glutaraldehyde and were
viewed using inverted microscopy (Uterhmohl 1958).

Chemotaxonomic photosynthetic pigments were mea-
sured by high-performance liquid chromatography (HPLC;
Pinckney et al. 1996) and were used to determine total
phytoplankton biomass (as total chl @) and the relative and
absolute contributions of major phytoplankton taxonomic
groups (Jeffrey et al. 1997; Pinckney et al. 1998). Aliquots
of water from the cubitainers (80-250 ml) were filtered
through 25-mm GF/F filters under a gentle vacuum in dim
light. Filters were immediately frozen and stored at —80°C.
Frozen filters were freeze-dried overnight then placed in
90% acetone and extracted overnight at —20°C. Extracts
were filtered through a 0.45-um polytetrafluoroethylene
filter (Pall Acrodisc). Ammonium acetate (1 M) was added
as an ion-pairing agent in a ratio of three parts extract to
one part ammonium acetate, and the extracts were then
injected into a Shimadzu HPLC (LC10-AT) equipped with
both a single monomeric and a polymeric reverse-phase Cig
column in series. A nonlinear binary gradient was used for
pigment separations (Pinckney et al. 1996). Solvent A
consisted of 80% methanol:20% ammonium acetate (0.5 M
adjusted to pH 7.2) and solvent B was 80% methanol:20%
acetone. Each sample received 50 pl of the synthetic
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carotenoid [(3-apo-8'-carotenal (Sigma-Aldrich Chemical
Company, No. 10810) that served as an internal standard.
Absorption spectra and chromatograms (440 nm) were
acquired using a Shimadzu SPD-M10av photodiode array
detector. Pigment peaks were identified by comparing
retention times and the absorbance spectra to certified
pigment standards (DHI, Denmark). The contribution of
each algal group to overall community composition was
determined using ChemTax (CHEMical TAXonomy), a
matrix factorization program (Mackey et al. 1996; Wright et
al. 1996). The program uses steepest descent algorithms to
determine the best fit based on an initial estimate of pigment
ratios for algal classes. The absolute contribution of any algal
group is the concentration of total chl ¢ (in pg I"") contributed
by that group. Relative contributions were calculated as
the proportion of total chl @ accounted for by the group so
that the sum of contributions from all groups equals one.
Validated initial pigment ratio files were taken from Lewitus
et al. (2005). Full discussions, validation, and sensitivity
analyses for the ChemTax approach are found in Mackey et
al. (1996), Wright et al. (1996), and Schliiter et al. (2000).

Inorganic nutrient (NO; +NO, , NH,', and silicate)
concentrations were analyzed by a Technicon AutoAnalyzer
II using standard protocols at the University of Maryland
Center for Environmental Sciences Analytical Services
Laboratory in Cambridge, MD, USA. Water samples were
filtered through acid-washed (10% HCI) and precombusted
25-mm Whatman GF/F filters and were frozen at —20°C
until analysis. Phosphorus analyses (TDP, SRP, and DOP)
were done in the Marine Geochemistry Laboratory at the
University of South Carolina. TDP was measured using the
Monaghan and Ruttenberg (1999) high-temperature com-
bustion and hydrolysis method. Measurements of SRP were
made using a procedure based on Koroleff (1983) where
samples were analyzed using a phosphomolybdate-blue
colorimetric reaction and absorbance measured using a
Beckman Coulter DU 640 spectrophotometer. Detection
limits were ~0.05 uM P (using a 10-cm spectrophotometer
cell) at a wavelength of 880 nm. DOP concentrations were
calculated as the difference between SRP and TDP measure-
ments. It is important to note that due to the process of
forming phosphomolybdate complex, SRP concentrations
could include an unknown proportion of acid-labile organic
compounds (e.g., simple sugars and monophosphate esters;
Benitez-Nelson 2000).

Cell-specific alkaline phosphatase activity was assayed
using the ELF-97 approach of Gonzalez-Gil et al. (1998) as
modified by Dyhrman and Palenik (1999). To concentrate
the samples, aliquots (250-500 ml) of each sample were
filtered through a 0.8 um Gelman SUPOR filter until the filter
was nearly dry. Cells were transferred to a microcentrifuge
tube, spun at 4000 rpm at room temperature in a Beckman-
Coulter Microfuge 18 centrifuge to form a pellet and were
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stored in 1 ml of 70% ethanol at 4°C in the dark prior to
analysis. Before analysis, samples were recentrifuged
(4,000 rpm for 2 min), and the supernatant was discarded.
The pellet was rinsed with 100 pL of filtered sterilized
seawater and was then resuspended in 100 puL of ELF
reagent. After 1 h of incubation in the dark at 4°C, the sample
was centrifuged, decanted, and rinsed twice with sterile sea
water. The pellet was resuspended in 20 pL of the sterile
seawater, from which a 7-10 pL aliquot was mounted on a
slide and analyzed using a Nikon TE300 inverted micro-
scope. In the presence of alkaline phosphatase, the soluble
colorless substrate (2-(5'-chloro-2'-phosphoryloxyphenyl)-6-
chloro-4-(3H)-quinazolinone) is converted to an insoluble
product (2-(5'chloro-2'-hydroxyphenyl)-6-chloro-4-(*H)-
quinazolinone) that fluoresces green under UV excitation
(365 nm; Huang et al. 1993; Dyhrman and Palenik 1999).
For the purposes of this study, a cell was scored positive for
alkaline phosphatase expression if 75% or more of the cell
surface appeared green (see “Discussion” for the implica-
tions of this choice of criterion). At least 400 cells on each
slide were counted and scored and were identified as a diatom,
dinoflagellate (to genus), or “other” taxa (see “Alkaline
Phosphatase Expression” section in “Results” below). Results
are expressed as percentages of total cells counted. This
scoring approach differs from that of some researchers, who
first identify taxa that can express alkaline phosphatase then
count the number of labeled vs. unlabeled cells in that taxa
(see “Discussion”). Note also that we did not specifically
enumerate the picoplankton component of the community,
so “total cells” refers only to phytoplankton visible under
light microscopy (up to x400).

Statistics Differences in total phytoplankton biomass and in
the relative and absolute abundance of phytoplankton
taxonomic groups were analyzed using a two-factor
repeated measures analysis of variance (RM-ANOVA)
(Scheiner and Gurevich 1993) using SPSS 14.0 for
Windows. Factors were nutrient treatment and collection
site. Absolute concentrations of algal groups and total
community biomass (as total chl a) were In-transformed
before analysis to satisfy the normality assumption.
Relative abundance data were analyzed similarly but were
arcsine square root-transformed. Homogeneity of error
variances was checked using Cochran's Test, and because
homogeneity was satisfied, a Bonferroni test («=0.01) was
used for post hoc comparison of means.

Results

Inorganic Nutrient and DOP Concentrations Ambient
DOP concentrations ranged from 0.7 to ~1 uM at the
riverine station and 0.3 to 0.7 uM at the coastal site

(Table 2; using concentrations on day 0 for control and +N
treatments only for each month). These concentrations
represent 40—67% of the TDP pool at the riverine location
and 50-89% at the coastal site (Table 2). DOP concen-
trations were higher at the riverine site than at the coastal
site in all months. SRP was highest at both sites in July
(Table 2). SRP, nitrate + nitrite and silicate concentrations at
the coastal sampling location were consistently lower than at
the riverine site in all months (Table 2). The unusually high
DOP concentrations in the +P treatments at both riverine
and coastal stations in May (~3-5 uM) were traced to the
stock of KH,PO, used for the P additions. A new bottle of
KH,PO,4 was purchased for subsequent experiments.

Phytoplankton Biomass and Community Composition
Initial phytoplankton community composition and total
biomass differed between collection site and with month
of collection. In May, the phytoplankton community at the
riverine site was dominated by diatoms (55% or more of
the total chl a) with smaller varying contributions from the
cryptophytes, prasinophytes, cyanobacteria, and hapto-
phytes (Fig. 2a). The coastal phytoplankton community in
May was initially composed primarily of haptophytes (59%
or more of total chl @) and prasinophytes, but community
composition in the containers shifted by day 2 to domi-
nance by diatoms (Fig. 2a). The addition of N significantly
increased total phytoplankton biomass and the absolute
abundance of diatoms and prasinophytes in May (Table 3).
As indicated by the significant nutrient x site interaction
terms for total chl a, diatoms, and prasinophytes, this was
true only for the coastal site, that is, site of collection had a
significant influence on whether N additions resulted in
significantly increased biomass (Fig. 2a, Table 3). N
additions also resulted in a significant shift in the relative
abundance of cyanobacteria, but overall, this group accounted
for a relatively low percentage of the total phytoplankton
biomass at both sites (Table 3). P additions had no significant
effect on total phytoplankton biomass or on the relative or
absolute abundance of phytoplankton taxonomic groups in
May (Fig. 2a, Table 3).

In July, there were no significant effects of N or P
additions on total chl a or on the absolute or relative
abundance of the different phytoplankton groups, except for
a higher relative abundance of haptophytes in the N-
amended cubitainers as compared to controls (Table 3).

In August, total phytoplankton biomass was significantly
higher at the riverine site than at the coastal site (Fig. 2c,
Table 3). Diatoms dominated the phytoplankton community
at both locations contributing 70% or more of the total chl a
(Fig. 2c). The addition of N significantly increased total
phytoplankton biomass at both riverine and coastal sites
(Fig. 2c, Table 3) as compared to controls. Diatoms,
dinoflagellates, and prasinophytes all increased in absolute
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Fig. 2 Phytoplankton commu- 60+ a.
nity composition and total
biomass (as chl @) from HPLC/
ChemTax data collected during
experiments in May (a), July
(b), and August (¢) 2006 in
Winyah Bay, SC, USA. Treat-
ments were daily additions of
nitrate (+N; 20 uM N) or
phosphate (+P; 10 uM P).
Error bars indicate standard
deviation of the mean. Note the
differences in y-axis scale
between a, b, and ¢
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(but not relative) abundance particularly at the riverine site
(see significant nutrient X site interaction terms for
dinoflagellates and prasinophytes in Table 3). P additions
had no significant effect on total chl a or on the absolute or
relative abundance of algal groups in August, except
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diatoms were relatively less abundant at the riverine station
in the P addition treatment (Fig. 2c, Table 3).

Alkaline Phosphatase Expression Alkaline phosphatase
expression by phytoplankton from Winyah Bay varied with
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Table 3 Results of repeated measures ANOVA on total chlorophyll a values (Total chl a) and on the absolute and relative abundance of algal
groups in phytoplankton communities collected in May, July, and August 2006

Month Absolute Site +N +P Site x Relative Site +N +P Site x
concentrations nutrient Abundances nutrient
May Diatoms p<0.001  0.006 1.000  0.003 Diatoms p<0.001  0.263 1.000  0.205
Cyanobacteria <0.001 0.195 1.000 0.367 Cyanobacteria p<0.001  p<0.001 0.001 1.000
Prasinophytes 0.235 0.006 1.000  p<0.001 Prasinophytes p<0.001 0.050 0.688  p<0.001
Cryptophytes 1<0.001 0.417 0.496  0.066 Cryptophytes 1<0.001 1.000 1.000  0.018
Haptophytes 0.005 1.000 1.000 0.366 Haptophytes p<0.001 0.318 0.828 0.377
Other 0.578 1.000 1.000  0.071 Other 0.150 1.000 1.000  0.040
Total chl a p<0.001  p<0.001 1.000  p<0.001
0.536
July Diatoms p<0.001  0.627 0206  0.363 Diatoms p<0.001  0.058 0.267  0.668
Cyanobacteria <0.001 1.000 1.000 0.894 Cyanobacteria <0.001 0.178 0.206 0.421
Prasinophytes 0.001 1.000 1.000 0.170 Prasinophytes <0.001 1.000 1.000 0.294
Chlorophytes p<0.001 1.000 1.000  0.408 Chlorophytes »<0.001 1.000 1.000  0.155
Haptophytes <0.001 0.027 1.000 0.103 Haptophytes p<0.001 0.001 0.117 0.239
Other p<0.001 1.000 1.000  0.259 Other p<0.001 1.000 1.000  0.009
Total chl a 0.009 1.000 1.000  0.369 0.097
August  Diatoms 1<0.001 0.004 0.021 0.265 Diatoms 1<0.001 0.639 0.007  0.024
Dinoflagellates ~ p<0.001  p<0.001 1.000 0.010 Dinoflagellates ~ p<0.001 0.033 0.460 0.131
Cyanobacteria 1<0.001 1.000 0.831 0.184 Cyanobacteria 0.668 0.321 0.043 0.052
Prasinophytes p<0.001  p<0.001 0.657  p<0.001 Prasinophytes 1<0.001 0.037 1.000  0.656
Haptophytes 1<0.001 0.915 0.346 0.051 Haptophytes 1<0.001 0.037 0.373
Other p<0.001  0.057 1.000  0.611 Other p<0.001  0.057 1.000
Total chl a p<0.001  0.003 0.028  0.380

Factors are site of collection (riverine vs. coastal) and nutrient addition (+N as KNOj or + P as KH,PO,) and their interaction (site x nutrient).

Significant effects are indicated in bold (p<0.01).

site and month of collection. Overall, the highest percent-
ages of cells labeled as positive for alkaline phosphatase
expression were found in communities from the coastal site
in May (up to 32% of cells labeled; Fig. 3a) with the lowest
observed in phytoplankton communities collected in August
at both riverine and coastal sampling locations (less than 2%
of cells labeled; Fig. 3c). In May, alkaline phosphatase
expression was significantly higher in phytoplankton com-
munities collected from the coastal site as compared to the
river site (Fig. 3a, Table 4), whereas the opposite relation-
ship was observed in August (Fig. 3c, Table 4).

Alkaline phosphatase expression was significantly lower
in bioassay containers amended with inorganic P in all
experiments (Table 4). This is shown clearly by results from
both sampling sites in the July experiment (Fig. 3b) and
also by the response of phytoplankton from the coastal site
in May (Fig. 3a) and the riverine site in August (Fig. 3c).
Note the significant interaction terms in Table 3 for May
and August indicating that the effect of P addition on
alkaline phosphatase expression was site-specific.

Diatoms and dinoflagellates were the only phytoplankton
taxa that could be positively identified among the cells that

@ Springer

were scored positive for alkaline phosphatase expression.
Species commonly found to express alkaline phosphatase in
all experiments included those of the dinoflagellate genera
Protoperidinium and Gymnodinium and of the diatom
genera Pleurosigma and Cylindrotheca (Fig. 4) with less
common expression by the diatoms Thalassionema and
Asterionellopsis. All other cells that were scored positive
for alkaline phosphatase expression could not be readily
identified because they did not preserve well using standard
ELF protocols; therefore, our results are presented as
contributions from diatoms, dinoflagellates, and the un-
identified “other” cells (Fig. 3).

Taxon-specific alkaline phosphatase expression varied
with site and month of collection. In May at the riverine
site, diatoms dominated the phytoplankton community, and
alkaline phosphatase expression was due mainly to the
diatoms (27-87% of all cells scored positive depending on
day and treatment; Fig. 3a). Dinoflagellates represented 0—
29% of all cells that expressed alkaline phosphatase, but it
is important to note that dinoflagellates were low enough in
abundance in the overall community composition as to be
included in the “other” category based on ChemTax (see
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Fig. 3 The percentage of total 457 a.
cells and HPLC/ChemTax-
derived Phytoplankton commu- 40 1
nity taxa (days 0-2) that were
scored positive for expression of 351
alkaline phosphatase (“AP 30 4
positive”) during time-course 2
experiments in May (a), July 2 95
(b), and August(c), 2006. Treat- &
ments were daily additions of & 20 -
nitrate (+N; 20 uM N) or phos- =
phate (+P; 10 uM P). Data for 15
group-specific alkaline phos-
phatase expression are not
available for control and+N
treatments on days 0 and 1 at the
coastal station in May. Error
bars indicate standard deviation
of the mean. Note the differ- 16+ b
ences in y-axis scale between -
a, b, and ¢ 14
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-
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% AP Positive
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Fig. 2a). “Other” cells scored as positive (7—45%) likely
included species of prasinophytes, haptophytes, or crypto-
phytes as illustrated by ChemTax results (Fig. 2a).

At the coastal site in May, diatoms again dominated the
cells that were scored as positive for alkaline phosphatase
expression as well as community composition, accounting
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for 59-74% of all cells that expressed alkaline phosphatase
(Fig. 3a). Dinoflagellates and other cells contributed less
than 25% to cells scored alkaline phosphatase positive.
Unfortunately, we do not have taxon-specific counts for
days 0 and 1 in this experiment (only for day 1 in the P
treatment). It would have been informative to see what taxa
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Table 4 Repeated measures ANOVA of cell-specific alkaline phos-
phatase expression data for bioassay experiments in May, July, and
August 2006

Experiment ~ Site +N addition +P addition Site X nutrient
May p<0.001 1.00 0.001 0.002
July 0.080 0.218 p<0.001 0.013
August <0.001 0.373 p<0.001 0.002

Factors were site of water collection (riverine vs. coastal) and nutrient
addition (+N as KNOj or + P as KH,PO,) or their interaction (site x
nutrient). Significant effects are indicated in bold (p<0.01).

contributed to our highest observed percentages of alkaline
phosphatase expression (day 0, control) before the shift in
community composition from haptophytes to diatoms
(shown in Fig. 2a) and the drop in the percentage of cells
scored as positive for expression.

In the July experiment, phytoplankton taxa from the
riverine site that expressed alkaline phosphatase were
mostly unidentified “others” (26-85%; Fig. 3b) which
agrees well with the relatively diverse overall community
composition at this site (Fig. 2b). Surprisingly, alkaline
phosphatase expression by others also accounted for a high
percentage (26-58%) of total expression at the coastal
sampling location, where diatoms dominated the commu-
nity composition (Fig. 2b), though diatoms also accounted
for a substantial proportion of the expression (Fig. 3b).

In August, dinoflagellates of the genus Gymnodinium
accounted for most of the taxon-specific alkaline phos-
phatase expression (Fig. 3b), but overall expression was
lowest in August. Diatoms dominated the phytoplankton
community composition at both the riverine (Navicula and
Cyclotella) and coastal (Thalassiosira and Chaetoceros)
sampling sites; however, these diatoms were not species
that were routinely scored positive for alkaline phosphatase
expression.

The day 0 samples in our bioassay experiments gave us a
snapshot of what taxa could express alkaline phosphatase
under the prevailing environmental conditions. The time-
course nature of these experiments then allowed us to look
at how alkaline phosphatase expression changed with
ambient N and inorganic P availability. From day 0 through
to day 2 in these bioassays, we often saw shifts in the
overall percentage of cells that expressed alkaline phospha-
tase (increasing or decreasing trends depending on site and
month of collection). For example, in samples from the
riverine station in July, the percentage of cells scored as
positive for alkaline phosphatase expression increased from
day 0 to day 2 in the control and +N treatments (Fig. 3b).
These increases were coincident with a decreasing avail-
ability of SRP (Table 2). The opposite trend was observed
in samples from the coastal station in both May and July:
the percentage of cells scored as positive decreased through
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the incubation period in both control and +N treatments. In
this case, however, there was no clear relationship to either
SRP concentrations or DOP availability (Table 2).

Discussion

Summer phytoplankton communities from surface waters
of Winyah Bay varied in community composition with site
and month of collection. The most diverse community
composition was observed at the riverine site in July and
likely reflected a strong freshwater influence. Salinities
along the estuary in July were the lowest of all months
sampled and followed a 3-week period of high discharge
from the Pee Dee River (USGS; data not shown).
Phytoplankton community composition varied in response

Fig. 4 Fluorescence micrographs of phytoplankton from Winyah Bay,
SC, labeled with the ELF-97 substrate (identified to genus only). For
each pair, the left panel is the view under bright field, and the right is
the same cell under UV excitation (365 nm). a Pleurosigma, b
Gymnodinium, and ¢ Cylindrotheca
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to nitrate and inorganic P additions. Bioassays showed that
phytoplankton growth was limited by N availability only at
the coastal station in May and at the riverine site in August.
There was no evidence of inorganic P limitation at either
site in any month. These results lend support to the con-
tention that both P and N should be controlled to reduce
eutrophication in estuaries (Conley et al. 2009; but see
Schindler et al. 2008). There was some evidence that
silicate might have been co-limiting to diatoms in May at
the coastal site as shown by the shift in phytoplankton
community composition in control containers after silicate
additions on day 0. The repeated measures approach of our
statistical analyses accounts for such shifts in the control
bottles. Ambient nitrate + nitrite and silicate concentrations at
the coastal station in May were the lowest of all months
sampled. Nutrient concentrations were highest in July,
following the period of high discharge from the Pee Dee
River. This could account for the observation that neither N
nor inorganic P was limiting to phytoplankton growth in July.
DOP concentrations measured at our two study sites
(~0.3 to 1 uM) fall within the range measured in other
estuaries and river-influenced coastal oceans. Concentra-
tions up to 0.6 uM were measured in the Delaware Estuary
(Lebo and Sharp 1993), Chesapeake Bay (Conley et al.
1995), on the Eel River Shelf (Monaghan and Ruttenberg
1999), and in the Bay of Biscay (Labry et al. 2005).
Slightly higher values (up to ~1 uM) were reported for the
Tanshui Estuary (Fang 2000), Apalachicola Bay (Mortazavi
et al. 2000), and the Scheldt Estuary (van der Zee et al.
2007), while concentrations in the Mississippi River often
exceeded 1 uM and were sometimes >2 puM (Rinker and
Powell 2006). In terms of percent contribution to the TDP
pool, our overall ranges are similar to those of Monaghan
and Ruttenberg (1999) for two stations on the Eel River
Shelf, where DOP comprised 28-86% of the TDP pool
depending on season. DOP values in their study were
highest in the summer and were higher than SRP concen-
trations, as we observed often at our coastal station.
Results of our ELF assays showed that some phyto-
plankton taxa from Winyah Bay can express alkaline
phosphatase. We saw a significant reduction in ELF
labeling of phytoplankton in bioassay containers with
inorganic P added, indicating that the expression of alkaline
phosphatase was repressed when inorganic P was freely
available. This observation is in agreement with previous
reports of reduced labeling upon re-introduction of phos-
phate (e.g., Dyhrman and Palenik 1999, 2003; Labry et al.
2005; Dyhrman and Ruttenberg 2006; Mackey et al. 2007).
We did not, however, see a significant increase in ELF
labeling in containers with added nitrate (our scenario of
“forced” phosphate limitation), even though, by day 2, SRP
was reduced to extremely low concentrations (<0.1 uM in
most cases). The reason for this lack of up-regulation of

alkaline phosphatase expression is not immediately apparent.
Previous studies have shown that nitrate amendments result
in both increased ELF labeling for specific taxa (e.g.,
chlorophytes (Rengefors et al. 2003) and diatoms (Dyhrman
and Ruttenberg 2006)) and increased alkaline phosphatase
activity in the bulk microbial community (Dyhrman and
Ruttenberg 2006). However, Rengefors et al. (2003) also
found that N additions did not lead to increased alkaline
phosphatase expression in freshwater species of Chlorococ-
cales (Dictyosphaerium and Actinastrum). They attributed
the lack of increased ELF labeling to the possibility of either
luxury uptake of phosphate prior to the incubations (and
thus the presence of internal phosphate stores), innately low
phosphate requirements, and/or the lack of growth of these
species in the incubation containers (and therefore the
absence of “P stress”). In our case, daily measurements of
algal biomass showed step-wise increases in total chl ¢ in
most containers, indicating that the populations were
growing; however, we cannot rule out intracellular stores
of phosphate or innately low (taxon-specific) P requirements
as possible reasons behind our observed lack of up-
regulation of alkaline phosphatase expression.

Our experimental design (daily sampling) also allowed
us to observe step-wise changes in the percentage of labeled
cells with incubation time. Samples from the control
and +N treatment containers from the riverine site in July,
for example, showed a step-wise increase in the percentage
of cells that expressed alkaline phosphatase that followed
progressive declines in ambient inorganic P. More difficult
to explain are the step-wise decreases in ELF labeling
shown in coastal samples from the May and July sampling
times. Decreasing concentrations of total chl @ with time in
the control samples, along with observations of grazers in
fixed samples, indicate that, despite our prescreening with
100 um mesh, small grazers were still present in the con-
tainers. We therefore speculate that either grazers were
removing taxa that tended to be ELF-labeled (dinoflagellates
and some taxa in the “others” category), or grazers were
regenerating enough inorganic P to meet phytoplankton
demands, thus reducing alkaline phosphatase expression.
These observations illustrate the importance of examining
the temporal dynamics of phytoplankton community com-
position and ELF labeling during nutrient addition experi-
ments, rather than making a single measurement at the end of
the incubation period.

Alkaline phosphatase expression by phytoplankton from
Winyah Bay was species-specific. Expression was com-
monly observed in dinoflagellate species of the genera
Protoperidinium and Gymnodinium and diatoms, including
Pleurosigma and Cylindrotheca, consistent with previous
reports of ELF labeling in these algal taxa (e.g., Rengefors
et al. 2003; Dyhrman and Ruttenberg 2006; Ou et al. 2006).
Expression was not limited to diatoms and dinoflagellates,
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however, as many ELF-positive species could not be
readily identified as they did not preserve well using the
standard protocol. Similar problems were experienced by
Rengefors et al. (2001), who found some phytoplankton,
such as chrysophytes, cryptophytes, and haptophytes, were
too small and/or fragile to label with the ELF reagent.
While we had no problems with labeling, the 70% ethanol
preservation resulted in sufficient cell shrinking and related
morphological changes to render them unidentifiable. These
“other” cells were most important in our July bioassay at the
riverine site, where haptophytes, prasinophytes, and chloro-
phytes made substantial contributions to the total phyto-
plankton biomass. We expect that the chlorophytes and
haptophytes are key contributors to the ELF activity of the
“others” at the riverine location. Previous studies have shown
that some species of both freshwater chlorophytes and
haptophytes can express alkaline phosphatase (Rengefors et
al. 2001, 2003; Cao et al. 2007). Cyanobacteria have also
been shown to express alkaline phosphatase, though expres-
sion appears to be more common in larger species of the
genera Anabaena, Microcystis, or Trichodesmium (as exam-
ples), than in the picoplanktonic cyanobacteria (Lomas et al.
2004; Strojsova et al. 2005; Mackey et al. 2007). Even
within Trichodesmium, however, species differences exist:
one species of Trichodesmium (Trichodesmium erythraeum)
has the gene for alkaline phosphatase (phoA), but a co-
occurring species, Trichodesmium thiebautii, does not
(Orchard et al. 2003).

The percentages of total cells counted that showed
alkaline phosphatase expression were generally less than
15%, except for one experiment (May) where up to 32% of
all cells counted were labeled. Our results can be directly
compared to those of Lomas et al. (2004), who investigated
taxonomic variability of phosphorus stress in Sargasso Sea
phytoplankton and found that 30% of the enumerated
autotrophic eukaryotes collected from surface waters in the
summer season were ELF-labeled, and nearly 70% of cells
were labeled in the fall season. All of their values are
substantially higher than our observations of ELF-labeling,
as might be expected for an open-ocean environment where
inorganic P was below detection (Lomas et al. 2004).
Lomas et al. (2004) used similar taxonomic discriminations
as ours: autotrophic flagellates displayed higher ELF
labeling in summer than in fall, whereas diatoms displayed
higher labeling in fall than in summer. In their study,
dinoflagellates did not contribute substantially to ELF
labeling (Lomas et al. 2004).

Our approach and the Lomas et al. (2004) approach to
assessing community-wide alkaline phosphatase expression
differ somewhat from other studies, where the term “percent
labeled” refers to the percentage of each individual species or
taxa that is labeled (e.g., Rengefors et al. 2001, 2003;
Dyhrman and Ruttenberg 2006), as opposed to the percent-
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age of the total phytoplankton cells counted. The former
approach assesses the degree of variability in ELF labeling
within a species or taxa. Variability can be high due to
differences in the extent of cellular alkaline phosphatase
expression or the specific activity of individual alkaline
phosphatase enzyme complexes (Lomas et al. 2004). We
used a relatively conservative criterion (~75% of total cell
surface labeled with ELF precipitate) for scoring cells as
positive for alkaline phosphatase expression. This might
explain, in part, why our percentages are lower than those of
Lomas et al. (2004), who used a less stringent criterion
(~25% of cell surface area covered; Lomas, personal
communication). The use of 75% cell surface coverage for
a score of positive for alkaline phosphatase expression was
an arbitrary decision, and we had no specific criterion for
choosing 75% coverage, except the goal of ensuring that a
cell scored positive was truly positive. In hindsight, we
should have chosen a percentage more comparable to studies
already published (e.g., Rengefors et al. 2001, 2003;
Dyhrman and Ruttenberg 2006). We have now implemented
a binning system that scores ELF labeling as 0-33%, 33—
66%, or 66—-100% of the cell surface covered, which should
help us compare future results to those of other investigators
(or at least those with defined criteria). Unfortunately, these
data are not available for these experiments, and it is not
possible to re-analyze the samples. We attempted to calculate
a correction factor based on subsequent work on alkaline
phosphatase expression in the dinoflagellate Prorocentrum
minimum and the cryptophyte Rhodomonas salina (Ranhofer
et al. in prep). For P. minimum, scoring a cell as positive with
75% or more of the cell surface labeled resulted in a 56%
underestimate as compared to using 33% or more of the cell
surface labeled as the criterion for “positive”. For R. salina,
however, there was only a 4% underestimate, and there were
similarly low values for cultures of Emiliania huxleyi and
Thalassiosira weissflogii (although both these species had
very low (~1%) labeling overall). Thus, it appears that the
choice of percent coverage criterion matters for some species
(like dinoflagellates) but not for others.

We can compare our results to studies that provide data
on both the percent of species labeled and the relative
abundance of that species in the phytoplankton community.
Nicholson et al. (2006), for example, examined alkaline
phosphatase expression in diatoms and dinoflagellates that
comprised the bulk of the eukaryotic phytoplankton
collected from Monterey Bay, CA, USA. Using data from
their Table 1, we calculated that the percentages of labeled
cells of those enumerated (diatoms and dinoflagellates
only) ranged from 0% to 6.5%. These numbers are within
range of our observations but are generally lower even
considering the relatively stringent criteria we used in
scoring. Similarly, less than 6% of the total cells in
phytoplankton communities studied by Mackey et al.
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(2007) were scored positive for ELF labeling (calculated
from data presented in their Fig. 7). Their study included an
assessment of the picophytoplankton, which comprised a
large fraction of the total phytoplankton cell abundance, yet
less than 4% of the picophytoplankton cells were scored as
positive for ELF labeling. Generally, it appears that the
phytoplankton species that are routinely ELF labeled tend
to be those that are relatively less abundant in the com-
munity. In the Nicholson et al. (2006) study, for example,
the highest ELF labeling was for the dinoflagellate P.
minimum, yet the relative abundance of this dinoflagellate
in the community was only 8.8% of the total cells counted
(Table 1 in Nicholson et al. 2006). In our study, the diatoms
and dinoflagellates that were routinely scored as ELF
positive (Gymnodinium, Protoperidinium, Cylindrotheca,
and Pleurosigma) also made relatively low contributions to
the total overall abundance, and this is likely why we saw
no significant shifts in phytoplankton community compo-
sition that we could associate with alkaline phosphatase
expression, even at low inorganic P concentrations.

The relatively low percentage of cells that expressed
alkaline phosphatase in our study, together with the lack of
any significant shifts in phytoplankton community compo-
sition, indicate that utilization of DOP may not be of broad-
scale importance to nutrient dynamics and phytoplankton
growth in spring/summer assemblages in Winyah Bay.
However, we should note that blooms of Gymnodinium-like
dinoflagellates (e.g., Kryptoperidinium) and diatoms (like
Cylindrotheca) are common in North Inlet, a nearby estuary
(Kawaguchi et al. 1997; Lewitus and Holland 2003), and
diatoms dominate the community composition of Winyah
Bay in winter (Lawrenz et al., 2009). Thus, their overall
importance to DOP dynamics in Winyah Bay may be
underestimated. Also, the ELF assay detects activity of the
alkaline phosphatase enzymes only. These specifically
target DOP compounds with ester bonds, yet “DOP” is a
bulk characterization of a variety of different compounds,
so utilization of DOP compounds that require diesterases,
phytases, C-P lyases, or 5'nucleotidases cannot be detected
by the ELF approach. We also observed no P limitation of
phytoplankton communities at either site in any month,
even at dissolved inorganic N/P ratios that well exceed the
Redfield ratio of 16:1 (calculated from data in our Table 1).
While the Redfield ratio of dissolved N/P may not
necessarily be a good indicator of phytoplankton nutrient
limitation (see review by Geider and LaRoche 2002), the
combined evidence points towards a potentially wider role
of DOP in the nutrition of phytoplankton from Winyah Bay
than that indicated by our ELF-labeling approach. This
study highlights the need for continued work towards
molecular characterization of the bulk DOP pool and
development of cell-specific assays for enzymes (other
than alkaline phosphatases) involved in DOP degradation.
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