
Continental Shelf Research ∎ (∎∎∎∎) ∎∎∎–∎∎∎
Contents lists available at SciVerse ScienceDirect
Continental Shelf Research
0278-43
http://d

n Corr
E-m

Pleas
(2013
journal homepage: www.elsevier.com/locate/csr
Research papers
Phytoplankton productivity in a turbid buoyant coastal plume
Oscar Schofield a, Mark Moline b, Brownyn Cahill a, Thomas Frazer c, Alex Kahl a, Matthew Oliver b,
John Reinfelder d, Scott Glenn a, Robert Chant a,n

a Coastal Ocean Observation Lab, Institute of Marine and Coastal Sciences, School of Environment and Biological Sciences, Rutgers University, New Brunswick, NJ 08901, USA
b Marine Sciences Department, University of Delaware, Lewes, DE 19958, USA
c University of Florida, Institute of Food and Agricultural Science, Department of Fisheries and Aquatic Sciences, 7922 NW 71st Street, Gainesville, FL 32653, USA
d Department of Environmental Sciences, School of Environment and Biological Sciences, Rutgers University, New Brunswick, NJ 08903-0231, USA
a r t i c l e i n f o

Article history:
Received 12 May 2011
Received in revised form
22 January 2013
Accepted 22 February 2013

Keywords:
Buoyant plumes
Phytoplankton productivity
Nearshore optics
43/$ - see front matter & 2013 Elsevier Ltd. A
x.doi.org/10.1016/j.csr.2013.02.005

esponding author. Tel.: þ1 732 932 6555; fax
ail address: chant@marine.rutgers.edu (R. Cha

e cite this article as: Schofield, O., et
), http://dx.doi.org/10.1016/j.csr.2013
a b s t r a c t

The complex dynamics associated with coastal buoyant plumes make it difficult to document the
interactions between light availability, phytoplankton carbon fixation, and biomass accumulation. Using
real-time data, provided by satellites and high frequency radar, we adaptively sampled a low salinity
parcel of water that was exported from the Hudson river estuary in April 2005. The water was
characterized by high nutrients and high chlorophyll concentrations. The majority of the low salinity
water was re-circulated within a nearshore surface feature for 5 days during which nitrate concentrations
dropped 7-fold, the maximum quantum yield for photosynthesis dropped 10-fold, and primary productiv-
ity rates decreased 5-fold. Associated with the decline in nitrate was an increase in phytoplankton biomass.
The phytoplankton combined with the Colored Dissolved Organic Matter (CDOM) and non-algal particles
attenuated the light so the 1% light level ranged between 3 and 10 m depending on the age of the plume
water. As the plume was 10–15 m thick, the majority of the phytoplankton were light-limited. Vertical
mixing within the plume was high as indicated by the dispersion of injected of rhodamine dye. The mixing
within the buoyant plume was more rapid than phytoplankton photoacclimation processes. Mixing rates
within the plume was the critical factor determining overall productivity rates within the turbid plume.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Buoyant coastal currents are a global feature delivering nutri-
ents, sediments, and in urbanized watersheds, pollutants to
coastal waters. Along the Eastern seaboard of the United States
there are numerous estuarine plumes fed by rivers that typically
have maximum discharge rates on the order of 1000 m3 s−1. In the
Mid-Atlantic Bight (MAB), the Hudson River is a prominent feature
which has moderate flow (∼1000 m3 s−1) but is a major source of
nutrients and chemical contaminants (Adams et al., 1998). The
anthropogenic “potency” reflects the river's century of urbaniza-
tion, which has resulted in high concentrations of contaminants.
For example the Hudson River has higher than average concentra-
tions for 58 of the 59 chemicals monitored by the United States
Environmental Protection Agency (Adams et al., 1998). Addition-
ally, the Hudson River has close to 100 m3 s−1 of treated sewage
flow into the lower estuary and 90% of the associated inorganic
nitrogen is exported unassimilated to the coastal ocean. The fate of
these compounds is related to the transport and transformation
ll rights reserved.
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processes occurring within the Hudson River and in the adjacent
coastal ocean (Moline et al., 2008).

The transport of nutrients and pollutants within the Hudson
River outflow depends on the structure and coherence of the
buoyant plume once it enters the MAB. The shape and lifetime of
buoyant plumes is controlled by local bottom topography, ocean
circulation, tides, and wind (Garvine, 1999; Chapman and Lentz,
1994, Yankovsky and Chapman, 1997; Munchow and Garvine,
1993; Fong and Geyer, 2001). The Hudson River buoyant plume
often forms a re-circulating entrapped Hudson River water parcel
at the mouth of the estuary (Chant et al., 2007). This has the
potential to trap material near the estuarine outflow where it can
potentially operate as a naturally occurring batch culture for the
phytoplankton (Moline et al., 2008). This allows for biogeochem-
ical transformations of the particulate and dissolved organic
matter prior to its dispersion across the shelf by winds and
ambient shelf circulation. The subsequent shelf-wide dispersion
of fresh water from the Hudson is a significant hydrographic
feature on the MAB for weeks after leaving the local discharge
area (Johnson et al., 2003, Castaleo et al., 2008).

The long lifetime of the buoyant plume has significant implica-
tions for the biology and chemistry within the plume. It allows
sufficient time for phytoplankton to grow utilizing the ample
nutrients provided by the river water (NO3

−¼15 μM, NH4
þ¼20 μM,
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Fan, 2002). This results in high productivity rates in the buoyant
plume that are often 3x higher than in the lower Hudson River
(Malone et al., 1996), which is impressive given high phytoplankton
productivity rates in the estuary (Howarth et al., 2006). These high
productivity rates have the potential to draw down the nutrients
and contaminants being discharged. After entering the base of the
food chain, these compounds can bio-accumulate and be removed
from surface waters via sinking particles (Moline et al., 2008). Given
the high concentrations of metals [iron (Fe), copper (Cu) and zinc
(Zn), nickel (Ni), cadmium (Cd), lead (Pb), silver (Ag), and mercury
(Hg)] present within the Hudson river (Sanudo-Wilhelmy and Gill,
1999, Moline et al., 2008) and the potential for their accumulation in
phytoplankton, understanding the factors regulating primary pro-
ductivity in the buoyant plume is critical.

The initial productivity of the Hudson River plume is not limited
by nutrients but rather by the availability of light because the highly
turbid waters result in a shallow euphotic zone (Malone et al., 1996,
Malone and Chervin, 1979). The turbidity is caused both by
suspended sediment from the estuary and by the high phytoplank-
ton productivity in the plume. Stratification within the plume can
trap biomass in distinct layers where light levels can vary by orders
of magnitude in just a meter. In a well-mixed plume, turbulence is
uninhibited by stratification and phytoplankton cells are vertically
homogeneous throughout the low saline water and are subject to a
vertically averaged light level. This should increase overall light-
limitation of cells as at any given time as only a small proportion of
the plume is within the euphotic zone. This has significant
implications for regulating the acclimation and overall productivity
of the phytoplankton (Falkowski and Raven, 2007).

The relative importance of mixing on light availability within
buoyant plume of the Hudson River is difficult to assess due to
complex spatial dynamics making it difficult to sample using
traditional sampling strategies. This is problematic as this is
central to understanding the potential synthesis of organic carbon
and accumulation of chemical compounds in coastal food webs. In
this manuscript, we focus on the optics and mixing within the
plume and assess the regulation of phytoplankton production in
the re-circulating parcel of low salinity water.
2. Material and methods

As part of the LAgrangian Transport and Transformation
Experiment (LATTE) a multi-ship operation was conducted during
April 9th to April 22nd 2005 offshore the New York/New Jersey
estuary (Fig. 1). For this paper we focus on data collected during
Fig. 1. (A) Maps of the bathymetry for this study area (dotted line box) denotes the ge
Jersey. (B) An ocean color image during the April 2005 dye injection experiment by the
radar that provided continuous updates of surface currents to allow the research vesse
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a rhodamine dye injection (Houghton et al., 2009) on April 11th.
For this manuscript we focus on the river plume's impact on
coastal biogeochemistry during the 7 days following that dye
injection. This was motivated by past studies that have documen-
ted recurrent regions of bottom water hypoxia along southern
New Jersey that are related to summer time upwelling (Glenn
et al., 2004). This upwelling induced hypoxia hypothesis could
never explain the northernmost recurrent low dissolved oxygen
zone near the mouth of the Hudson river outflow, prompting the
hypothesis that heavy organic matter loading from the river drove
the low dissolved oxygen in this zone.

The field effort in 2005 was preceded by a significant Hudson
outflow, corresponding to a 10-year flood, associated with the
spring thaw of snow and a series of precipitation events. Ships,
requisitioned specifically for this experiment, sampled the plume
adaptively by using real time data collected by the Coastal Ocean
Observation Laboratory (Schofield et al., 2010). The adaptive
sampling was enabled by a ship to shore wireless communication
grid that allowed data to be transmitted to scientists onboard the
ship (Schofield et al., 2002, Glenn and Schofield, 2003, Schofield
et al., 2007). The real-time data was provided by the international
constellation of ocean sensing satellites, a network of surface
current mapping high frequency radar systems, and an autono-
mous underwater Webb glider. These tools provided spatial maps
of the plume over time, which was used to redirect the ship
sampling. The communication network allowed the two ships to
share data. Taken together, this allowed scientists to conduct
sampling of the dynamic river plume throughout the field effort.

During the ship surveys the R/V Cape Hatteras conducted
underway physical, biological and chemical sampling with two
towed undulating platforms behind the ship that provided vertical
profiles at a horizontal resolution nominally at 500 m. One system
provided measurements of temperature, salinity, currents, chlor-
ophyll fluorescence and rhodamine dye fluorescence. A second
system provided underway chemical sampling with water that
was pumped to a LaChat autoanalyzer outfitted to provide con-
tinuous surface measurements of nitrate, ammonia, phosphorus
and silicate. The autoanalyzer was calibrated throughout the
cruise. The second ship, the R/V Oceanus, was used for optical
profiling and collection of discrete water samples for phytoplank-
ton pigmentation and 14C productivity measurements (see below).

These shipboard efforts were organized around surface dye
experiments used to map the transport and dispersion of the river
water. Dye experiments consisted of an injection of rhodamine dye
near surface of the Hudson River's outflow as described in Chant
et al. (2008). The dye injections were conducted in a parcel of fluid
neral operation area for the LATTE 2005 field experiments offshore the coast New
Indian OCM ocean color satellite. Overlaid are the surface currents measured by HF
ls to optimize their sampling of the dynamic plume.
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during the ebb shortly after it left the estuary. The timing and
locations of the dye injections were guided by real-time HF radar
data (see below). The dye was tracked using in situ flourometers
aboard the ships. The dispersion of the dye provided information
on overall mixing rates in the low salinity plume.

Remote sensing data. All available satellite data was collected
using L-Band and X-band satellite data acquisition systems. The L-
Band system was used to track the National Oceanic and Atmo-
spheric Administration (NOAA) Polar Orbiting Environmental
Satellites. Products included sea surface temperature (SST) and
broad spectrum visible imagery. The X-Band system tracked the
United States MODIS (both Terra and Aqua) and India's OCM
OceanSat satellites. The resolution of the imagery varied with
satellite system, with the Indian OCM system having the highest
spatial resolution of 300 m. Significant correlations between the
measured chlorophyll a and satellite derived estimates were
observed for the Mid-Atlantic Bight however satellite-derived
chlorophyll were underestimated in the plume (data not shown).
Regardless, the ocean color imagery was the most useful satellite
data set in assisting the adaptive sampling of the plume as the sea
surface temperatures in the river and coastal ocean were similar.

The satellite imagery was complemented with a fully nested
array of surface current mapping radars (Kohut and Glenn, 2003,
Kohut et al., 2004). Hourly surface currents were measured with
an array of CODAR HF Radar systems consisting of 6 long-range
(5 MHz) and 2 high-resolution (25 MHz) backscatter systems. For
all systems, the beam patterns were calibrated and used in surface
current estimates (Kohut and Glenn, 2003). Each site measures the
radial components of the ocean surface velocity directed toward or
away from the site (Crombie, 1955; Barrick, 1972; Barrick et al.,
1977) and the estimated velocity components allow surface
currents (upper meter of the water column) to be estimated
(Stewart and Joy, 1974).

At each ship station occupied by the RV Oceanus, profiles of
temperature (1C), salinity, chlorophyll a fluorescence (converted to
μg L−1 using factory calibration coefficients) and dissolved oxygen
(mL L−1) were collected with a Seabird SBE CTD, Wetlabs WetStar
fluorometer and a SBE oxygen sensor. It should be noted for this
study we did not omit day light surface measurements of chlor-
ophyll fluorescence, even though they are likely impacted by
fluorescence quenching processes. This was because we used the
fluorometric data to choose discrete water depths for phytoplankton
pigmentation measurements (see below). Only measured chlorophyll
(see below) was used to normalize discrete 14C-incubation data.

Each profile was complemented with a second profile collected
with a cage outfitted with Wetlabs Inc. absorption-attenuation
meter (ac-9) and 2 Wetlabs Inc. ECO-VSF systems. The ac-9
instrument measured absorption at nine standard wavelengths
(412, 440, 488, 510, 555, 630, 650, 676, 715 nm). The ECO-VSF
wavelengths were 440, 470, 495, 650, and 880 nm. The optical
windows and flow cells were cleaned prior to each deployment. At
each station, the instrument was lowered to depth and the instru-
ment was allowed to equilibrate to ambient temperature before data
were collected. Data were averaged into 0.25-m depth bins for all
subsequent analyses. The instruments were factory calibrated prior
to the field season and manufacturer recommended protocols were
used to track instrument calibration. Salinity and temperature
corrections based on CTD data were applied (Pegau et al., 2001).
Whenever possible, daily clean water calibrations were conducted;
however, sampling schedules did not always allow for a daily
calibration. The drift during the study was negligible (o5%) and
the precision of the ac-9 data was 70.07 m−1.

In situ light fields were calculated for the entire field effort.
Shipboard measurements of the downwelling radiation were
measured above the sea surface with a Eppley Precision Spectral
Pyranometer where the light flux was corrected to provide
Please cite this article as: Schofield, O., et al., Phytoplankton productiv
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estimates of photosynthetically available radiation (PAR, inte-
grated light from 400 to 700 nm) assuming a standard solar
spectrum (Morel and Smith 1974). The spectral diffuse attenuation
coefficient was calculated using the measured spectral inherent
optical properties and Hydrolight 4.3 (Mobley 1994). For the
Hydrolight runs both the ac-9 and Eco-VSF data were used to
initialize the model. The spectral diffuse attenuation coefficients
were combined with the surface flux of light to provide the in situ
light field for any depth or time at a station.

Binned (0.25 m) absorption data collected with the ac-9 were
inverted using the optical signature inversion (OSI) model (Schofield
et al., 2004), which estimates the optical concentration of phyto-
plankton, colored dissolved organic matter (CDOM), and non-algal
particles. This is based on inverting the bulk ac-9 absorption from a
series of idealized absorption curves that represent the major
absorbing components in the water column. Phytoplankton absorp-
tion represents the average absorption spectra for high and low light
adapted cells for the three major spectral classes of phytoplankton
(chlorophyll a–c, chlorophyll a–b and phycobilin containing phyto-
plankton) (Johnsen et al., 1994). The CDOM and non-algal particles
were treated as a series of exponential curves (Kalle, 1966; Bricaud
et al., 1981; Green and Blough, 1994) where both the optical weight
and slopes were allowed to vary; however the slopes did not vary
much in this data set compared to past studies (Schofield et al., 2004;
Oliver et al., 2004; Schofield et al., 2006). By varying the magnitude
of the optical weights as well as the CDOM and non-algal particle
slopes the difference between modeled and ac-9 measured total
absorption spectrum was minimized as a function of wavelength.
This method also includes some constraints, which have been shown
to increase the model accuracy (Oliver et al., 2004; Schofield et al.,
2004; Schofield et al., 2006). The stability of the OSI results have
been tested by introducing random noise into the ac-9 spectra
(70.005 m−1across all wavelengths) and there was no spectral bias
with a quantitative impact of o4% (Schofield et al., 2004).

Water samples from target depths were collected with 10-L
Niskin bottles. Phytoplankton assemblages were assessed micro-
scopically and with High Performance Liquid Chromatography
(HPLC). Phytoplankton pigments were determined using the method
of Van Heukelem and Thomas (2001) to separate and quantify
chlorophylls, phaeopigments and carotenoids. Sample aliquots were
filtered onto three different filter sizes (0.2, 2.0 and 20 μm). The
polycarbonate filters were Osmonics Poretics. After filtration the
samples were quick frozen and stored at −80 1C prior to analysis.
They were extracted in 90% acetone (24 h) and sonicated to enhance
extraction efficiencies. Pigment peaks were detected with a photo-
diode array absorption detector (190–800 nm). Pigment standards
were purchased from DHI Water and Environment Institute (Den-
mark) and Sigma-Aldrich Inc. The concentrations were determined
with published extinction coefficients (Latasa et al., 1996; Jeffrey et al.,
1997). These HPLC values were combined with the discrete radio-
isotope measurements (below) to provide chlorophyll-normalized
measurements.

Phytoplankton carbon fixation rates were measured using two
different methods. Bulk size fractionated phytoplankton produc-
tivity rates were measured onboard the ship using C14 radio-
isotope techniques. Seawater aliquots were distributed into 2.8 L
glass Fernbachs and incubated for 24 h in a temperature controlled
environmental van configured to simulate ambient field condi-
tions. The temperature was adjusted before each set of measure-
ments. Fernbachs were illuminated (14 h:12 h light:dark cycle)
with cool white fluorescent lights mounted 10 cm above the top of
the fernbachs. The mean incident light level at each fernbach was
50 μmol m−2 s−1. This value was initially chosen based on optical
data in the Hudson River plume collected the year prior during a
pilot cruise. Water for these incubations were collected 1–2 below
the surface, which was above the 1% light level in the turbid river
ity in a turbid buoyant coastal plume. Continental Shelf Research
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and was close to an incident irradiance of 50 μmol m−2 s−1 on a
sunny day. Fernbachs were gently swirled every 6 h to promote
resuspension of settled cells although ship motion was generally
sufficient for this purpose. At the end of the incubation period,
samples were serially filtered through a 20, 2, and 0.2 μm (45 mm
diameter) Nucleopore filters. Filters were submerged with EcoS-
cint Fluor and isotope uptake was measured using a manually
loaded HiDex Inc. Triathler single vial scintillation counter.

The second radio-isotope method assessed the phytoplankton
productivity and photophysiology. Each day, we collected a vertical
profile of up to 5 photosynthesis-irradiance curves for different
depths. These measurements were made using a temperature-
controlled photosynthetron (Prézelin et al., 1992) that allowed 25
one ml aliquots to be incubated simultaneously over a range of
light intensities. The vials were incubated for 1 h, filtered onto
0.2 nucleopore filters, submerged into EcoScint Fluor, and also
counted on the HiDex Inc. Triathler single vial scintillation counter.
A large filtration rig allowed the full curve to be processed with 5–
10 min in a darkened radiation van. The resulting data allowed a
photosynthesis-irradiance (P–E) curve to be constructed. From the
P–E curve the maximum photosynthetic rate (Pmax, mg C m−3 h−1),
the light-limited slope (α, mg C m−3 h−1 (μmol photons m−2 s−1)−1)
and the irradiance at which photosynthesis becomes light satu-
rated (Ek, μmol photons m−2 s−1) were calculated. These para-
meters were used to describe the photo-acclimation state of the
phytoplankton and when combined with the phytoplankton
absorption allowed the quantum yields of carbon fixation to be
calculated which is the most sensitive proxy for the assessing the
physiological state of the phytoplankton (Bidigare et al., 1989,
Cleveland et al., 1989, Smith et al., 1989, Prézelin et al., 1991).
Quantum yields were only calculated for the P–E curves. The
maximum quantum yield (ϕmax, mol C fixed mol−1 photons
absorbed) was calculated according to,

Φmax ¼ α=aph ð1Þ

where PAR is the photosynthetically available radiation and aph

(m−1) is the spectrally weighted phytoplankton absorption spectra.
Values of aph were calculated according to Eq. (2).

aph ¼
Z 700 nm

400 nm
EdðλÞ � aphðλÞdλ=

Z 700 nm

400 nm
EdðλÞdλ ð2Þ
. 2. The spectral irradiance at the surface and two selected depths (5 and 10 m)
two stations occupied during LATTE 2005. The solid lines are the spectral

adiances at the Hudson Shelf Valley, which has a standard offshore marine
nature for the Mid-Atlantic Bight (MAB). The dotted lines represent the spectral
adiance within new river (NR) water of the Hudson River. Note the rapid
enuation of blue and red light within the NR waters.
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Calculating spectrally weighted absorption was critical in these
waters given the skewed light field found in and below the turbid
river plume (Fig. 2). The absorption spectra were provided by the
ac-9 OSI method (described above). Given that α in the P–E curve is
wavelength dependent (Tanada, 1951, Schofield et al., 1990), it was
also corrected for the spectrally skewed light field using the
methods outlined in Arrigo and Sullivan (1992). In brief this
method calculates the mismatch between the absorbed radiation
in the photosynthetron (based on the spectrum of light within the
incubator) versus the absorbed radiation in turbid coastal waters
and applies that correction to the “white” light measured α.
3. Results

3.1. Characteristics of the Hudson river plume

The dynamics of the Hudson River outflow was affected by
local winds, bottom topography, and tides. Detailed descriptions of
those dynamics are described elsewhere (Choi and Wilkin, 2007;
Chant et al., 2008). The majority of the water was entrained within
a re-circulating parcel of entrapped low salinity water before it left
the New York Bight in a series of coastal jets along New Jersey,
Long Island, or the Hudson shelf valley (SV) (Chant et al., 2008,
Castelao et al., 2008). As described in Chant et al. (2008), the
Hudson's river outflow forms a re-circulating parcel of low salinity
water, which was referred to as the “bulge” (Chant et al., 2008),
that limited the volume of fresh water advected away in a coastal
current. The feature resulted from wind-driven circulation com-
bined by topographic steering (Chant et al., 2008). These “bulges”
can extend 30 km from the coast and 40 km in the alongshore
direction (panel B in Fig. 1). The water exiting the estuary was
characterized by high concentrations of nutrients, non-algal
Fig. 3. A transect through the Hudson re-circulating bulge and subsequent coastal
jet. (A) The salinity (lines) and the along-shore velocity (color). (B) Density (lines)
and chlorophyll a (color). C) The surface salinity (black) and nitrate (red) for the
transect.
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particles and moderate chlorophyll concentrations (see below),
which altered the spectral intensity/quality of the in situ light field
relative to the offshore coastal waters (Fig. 2). Based on CODAR,
moorings, and drifter data the residence time of water in the bulge
was calculated to be approximately 4–5 days (Chant et al., 2007).
The net result was a buoyant and highly turbid parcel of entrapped
low salinity water near the New Jersey coast (Fig. 3).

For this analysis we define 4 water masses based on their
salinity and location. Water at the mouth and within Hudson River
estuary was defined as New River (NR) water, and was character-
ized by salinities o22. As the NR leaves the estuary it is mixed
with older water that has been trapped in a re-circulating parcel of
low salinity river water which is referred to as “aged river” (AR)
water characterized by salinities ranging from 22 to 26 salinity
units. The marine waters located offshore and associated with the
Hudson Shelf valley are referred to shelf valley waters (SV), and
has salinity typical for MAB (428). Finally, the low salinity AR
water eventually leaves the entrapped parcel of re-circulating
water near the mouth of the Hudson River estuary and flows
southward in a coastal jet. There is water in between the shore and
the coastal jet, and we refer to these waters as inshore (IN). These
waters have salinities 426.

The re-circulating bulge of the buoyant Hudson River plume
was supplied with NR waters on each tidal cycle, which was
rapidly dispersed throughout the entrapped low salinity water
near the coast (Chant et al., 2008). The age of the water in the
bulge and coastal current was reflected in the nitrate concentra-
tion which decreased by over 7-fold as the waters remained in the
bulge despite the regular tidal inputs of high nitrate NR waters
(Fig. 3C). For example, nitrate concentrations near Sandy Hook in
the outflow were 15–20 μM L−1 both on April 9 shortly after the
beginning of the bulge formation and 6 days later on April 15,
indicating a constant input of nutrients into the bulge from the NR
waters; however, within the bulge nitrate concentrations
decreased from 10–15 μM L−1 to 5–10 μM L−1 over the 6 day
period. During this time the salinity in the bulge remained
relatively constant. Note that ammonia concentrations varied from
1 μM in NR plume water to 0.3 μM in AR water. Nitrate concentra-
tions were 45 μM L−1 initially in the coastal current on April 10.
By April 13–15 the nitrate concentrations were nearly zero along
Fig. 4. Surface carbon fixation rates (mg C m−3 h−1) within the buoyant plume over time
in new river water. (B) The phytoplankton productivity in aged river water.

Please cite this article as: Schofield, O., et al., Phytoplankton productiv
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the coast. The net result was that little inorganic nitrogen was
exported out of these local waters to the wider shelf because of the
rapid drawdown of nutrients in the re-circulating parcel of water.
Surface nitrate levels in the saline offshore waters (salinities 428)
were under 2 μM. In the bulge, the chlorophyll–nitrate relation-
ship was variable reflecting the mix of the NR and AR. The coastal
current was characterized by low nutrients suggesting it was fed
by the AR (Fig. 3).

As the nutrients declined within the bulge, phytoplankton
biomass increased, which was then subsequently transported in
coastal currents along New Jersey or Long island depending on the
prevailing wind. One ship survey, within a coastal current typified
the high chlorophyll and the depleted nutrients associated with
the AR of the bulge (Fig. 3). Based on the frontal propagation speed
of the coastal current (Chant et al., 2008), this plume exited the
estuary the previous ebb tide. At the edge of the frontal feature
surface currents maintained their southern flow, however the
plume was thinner, biomass was lower and nitrate levels were
declining with time. While some of the reduction in nitrate across
the front was due to dilution with ambient shelf waters, surface
salinity across the frontal feature only increased by 1–2 salinity
units, which would result in only a 20% reduction of nitrate given
the lower nitrate concentrations in the SV water. Therefore the
reduction of nitrate in the AR was most likely due to assimilation
by phytoplankton with estimated nitrogen uptake rates close to
5 μM/day.

Direct measurements of chlorophyll a in the river outflow and
in the bulge ranged from 17 to 60 mg chl a m−3. The HPLC
pigments and microscopic analysis indicated the community was
dominated by large (420 μm) chain forming diatoms. Chlorophyll
a concentrations inside the AR were high with values as high as
30 mg chl a m−3. In contrast, the saline bottom waters below the
river plume had lower pigment concentrations with values aver-
aging 8.974.8 mg chl a m−3 and the offshore SV waters had
concentrations that averaged 1.571.1 mg chl a m−3. Associated
with high chlorophyll values were extremely high rates of carbon
fixation (Fig. 4). Whole community carbon fixation rates in the NR
waters were on average 10.873.2 mg C m−3 h−1. The greater than
20 μm fraction accounted for 81% of the total productivity with
12% and 7% were associated with the 2–20 μm and the o2 μm
. (A) The phytoplankton productivity size fraction during the formation of the bulge
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Fig. 6. The oxygen saturation for the surface NR and AR water masses. The saline
waters (428) are the bottom water beneath the AR outside the mouth of the
Hudson River Estuary. The oxygen data was collected with a CTD rosette aboard the
RV Oceanus.
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fractions, respectively. The phytoplankton were healthy with ϕmax

values of 0.11 mol C fixed mol−1 photons absorbed which is close
to the theoretical maximum of 0.125 mol C fixed mol−1 photons
absorbed (Prézelin et al., 1991). In contrast, the productivity of the
AR stations were 3-fold lower with mean community productivity
rates of 3.872.3 mg C m−3 h−1. In the AR rivers the size fractio-
nated productivity was also distinctly different with 67%, 20%, and
14% of the community productivity associated with the 420 μm,
2–20 μm, and o2 μm fraction, respectively. In the low nitrate,
aged river waters, phytoplankton exhibited signs of stress with
ϕmax values dropping by over 5-fold to 0.02 mol C fixed mol−1

photons absorbed. Thus the efficiency that absorbed photons were
converted into organic carbon varied dramatically within
re-circulating bulge based on the availability of nutrients.

High concentrations of phytoplankton, CDOM and non-algal
particulates resulted in a turbid plume, however there was
significant variability between the colored components that
determined the optical properties within the plume (Fig. 5). In
the NR waters, CDOM absorption values (Fig. 5A) were 30% higher
than phytoplankton and non-algal particulates as waters entered
the plume. The phytoplankton and non-algal particle absorption
were of similar magnitudes in the NR surface layer. The phyto-
plankton absorption ratio of 440 to 676 nm was ∼0.015 which is
consistent with large pigmented phytoplankton cells (Morel and
Bricaud, 1981), the size fractionated radio-isotope and microscopic
measurements. Total absorption was 3-fold lower in the AR and
coastal current plume waters after leaving the bulge. The largest
declines in absorption were associated with declines CDOM;
however the phytoplankton, and non-algal particulates also exhib-
ited declines (Fig. 5B). Whether the declines in CDOM were due to
dilution and/or flocculation, associated with the declines in
salinity, with subsequent sinking could not be determined with
the available data. The absorption in bottom waters below the AR
plume were higher than the surface waters (Fig. 5B), suggesting
possible material sinking out of the surface plume to the bottom
waters. This hypothesis was consistent with the shipboard visual
observations of algal flocs in the surface waters, which potentially
Fig. 5. The optical weights for phytoplankton, CDOM, and nonalgal particles derived fro
(AR), (C) inshore waters (IN), and (D) shelf valley waters (SV).
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were sinking out of AR surface waters as the phytoplankton
became nutrient stressed as indicated by the declines in ϕmax.
The AR plume waters had similar absorption magnitudes as non-
plume inshore waters (Fig. 5C) characterized by almost no absorp-
tion associated with CDOM. This was consistent with the observed
declines in oxygen below the AR waters (Fig. 6). The SV waters had
very low absorption compared to all other waters (Fig. 5D).

The net result was that the plume was extremely turbid and the
incident light field was rapidly attenuated and spectrally skewed
(Fig. 2). As the turbidity varied between the major water masses,
so did the depth of the 1% light level (Fig. 7). For the NR water the
1% light level was at a 3.4 m depth. In contrast, in the AR waters
the 1% light level was 3-fold deeper found at 10.2 m, due to the
declines in absorption and decreased scattering. While IN and AR
had similar absorption properties (Fig. 7) the 1% light level for IN
water was 17.8 m, which was 1.7X deeper than the AR waters. This
difference was due to enhanced scattering found within the AR
which was on average 30% higher than the IN reflecting the
m in situ absorption data. The depth profiles for (A) new river (NR), (B) aged river
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Fig. 7. Profiles of the absorption at 440 nm for new river, aged river, inshore, and
shelf valley waters. The black circles indicate the 1% light level for non-river water.
The grey circles indicate the 1% light level for river water.

Fig. 9. Photosynthetic characterisitics measured during LATTE 2005. (A) The depth depende
river waters. The open symbols indicate data collected within the river plume. The grey area
and α. The black symbols indicate non-river waters. The open symbols indicate river water

Fig. 8. (A) The chlorophyll a (color) and salinity (lines) during a cross-shelf
transect. (C) Rhodamine dye injection in the plume during a cross-shelf transect.
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enhanced non-algal particle loads. In contrast the 1% light level for
the SV was much deeper at 20.7 m.

3.2. Stratification in the plume

While classic models of river plumes typically characterize the
water column in terms of two layers (Yankovsky and Chapman,
1997), water within the plume is usually stratified. Stratification
within a plume limits mixing and vertically confines the phyto-
plankton communities to near surface layers. The rapid attenua-
tion of light and vertical confinement of biomass exerts strong
controls over primary production in the nutrient-replete, stratified
surface waters. In the plume encountered during LATTE, the
confinement of biomass to surface layers enhanced the rapid
drawdown of nutrients in the re-circulating bulge above the
halocline at 5–8 m below the surface (Fig. 8A and B). The trapping
of fluid in the upper layer was confirmed by a dye release (Chant
et al., 2008; Houghton et al., 2009), which remained in the upper
layer and was confined near a frontal boundary (Fig. 8B). The dye
patch was disrupted by an increase in northerly winds, associated
with a night-time land breeze (Hunter et al., 2007) that mixed the
dye, and phytoplankton, about 55 km offshore. The dispersion of
the dye within the plume suggested vertical mixing rates on a time
scale of less than a day. The mixing rate potentially allowed
phytoplankton to photosynthesize and grow, despite the low light
levels within the plume. In the aged plume and coastal jets, the
light levels and mixing were higher, but production appeared to be
limited by nutrients as suggested by the low in situ nutrient
concentrations and quantum yields.

Phytoplankton will photoacclimate to maximize the light
absorption and photosynthesis whenever possible (Prézelin
et al., 1991; Falkowski and Raven, 2007). This is accomplished by
the many cellular processes that “tune” Ek to match the in situ
irradiance (Dubinsky and Schofield, 2009). This results in a depth
dependence of P–E parameters. These adjustments can take hours
to days depending on the species (Prézelin et al., 1991). If mixing is
more rapid than the cell's ability to acclimate, then cells acclimate
to the average irradiance and consequently the photosynthetic
parameters show little depth dependence (Cullen and Lewis,
1988). Within the NR and AR plume waters, the photosynthetic
nt variability in Pmax chl a−1 (circles) and Ek (diamonds). The solid symbols indicate non
indicates the approximate depth of the river waters. (B) The correlation between Pmax

. The slope of the linear line is the average Ek in these waters.
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parameters (Ek and Pmax chl a−1) showed no clear depth depen-
dence suggesting that within the plume mixing exceeded photo-
acclimation rates (Fig. 9B). The mean Ek for AR and NR waters was
90 μmol photons m−2 s−1 (Fig. 9B) as determined by the significant
linear correlation between α and Pmax. Thus mixing confined
phytoplankton in the upper plume waters with mixing being
more rapid than phytoplankton's ability to photoacclimate. In
contrast The Ek values in the offshore SV waters showed a 3-fold
decline (to 27 μmol photons m−2 s−1) with depth indicating
photo-acclimation in the offshore waters (Fig. 9). None of the
photosynthesis-irradiance curves exhibited photoinihibition dur-
ing the 2005 experiment.

How important is mixing in the plume to determining the
overall primary productivity? We assessed the interaction
between mixing, the light field, and the phytoplankton
Fig. 10. General schematic of the relationship between mixing and photosynthesis.
The figure illustrates the impact of high and low mixing conditions. The dotted
lines illustrate the light intensities for high (bold dotted line) and low (fine dotted
line) mixing conditions. The respective response of phytoplankton photosynthesis
for high (bold) and low (fine) mixing conditions are denoted by solid lines. The
photosynthetic response is based on a mean photosynthesis-irradiance curve
measured for Hudson plume waters during the 2005 field experiment. The grey
shaded area indicates the difference in water column photosynthesis for the high
and low mixing conditions.

Fig. 11. The impact of plume mixing on the phytoplankton productivity over a range of
plume during the 2005 Latte experiment had attenuation values around 5 m−1. The fracti
1 being a full plume overturn in 1 h. The time scales over which different mixing proce
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productivity rates within the Hudson river water by determining
how the average light experienced by the phytoplankton within
the plume impacted the vertically integrated carbon fixation over
a range of mixing rates. The productivity rates were calculated by
combining the light profiles in the plume with the measured P–E
parameters. The variable mixing rates within the plume deter-
mined what proportion of the plume phytoplankton are exposed
to light levels sufficient to saturate photosynthesis (EkoEd). An
example of this is illustrated in Fig. 10, which shows the light
(dotted lines) and the relative phytoplankton productivity rates
(solid lines, productivity at depth z divided by Pmax) for a buoyant
plume with no mixing versus that of a full plume overturn in an
hour. For the water column with no mixing in an 8 m deep turbid
plume, the exponential decrease in light results in phytoplankton
being light limited by ~2 m water depth. In a plume, which
experiences a full overturn in 1 h, the mean light intensity within
the plume is sufficient to saturate photosynthesis throughout the
plume. The gray shaded area in Fig. 9, represents the difference in
the phytoplankton productivity in a plume with no mixing, 64%
lower, compared to a plume that experiences hourly overturn.
Thus the mixing within the plume influences the overall produc-
tivity of the plume.

Using the mean photosynthesis characteristics measured for
the river plume we estimated the relative integrated carbon
fixation for a river plume over a range of mixing and turbidity
values (Fig. 11). Productivities were scaled relative to the highest
productivity, which was observed for rapidly mixing low turbidity
waters as no photoinihibition was apparent in the P–E curves. For a
range of river turbidities, the integrated photosynthesis declined
dramatically as mixing rates decreased. The declines ranged from
30 to 60% depending on the overall turbidity of the river water.
Water column productivities also declined by up to 60% as the
turbidity of the plume water increased.
4. Discussion

It is critical to understand the transport and the chemical/
biological transformation processes within buoyant river plumes,
as these processes determine how anthropogenic pollutants enter
coastal systems. This has direct implications for water quality
management. In a vertically thin plume, light levels can penetrate
the plume and this can increase photosynthetic rates and structure
the phytoplankton community such as selecting for large
(450 μm) bloom forming taxa, which in turn will influence food
turbidities. The turbidity is defined by the attenuation values and the Hudson river
on of plume of overturn defines how rapidly the river water is mixed, with a value of
sses impact river plumes in the Mid-Atlantic Bight are indicated by arrows.
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web dynamics (Ryther, 1969; Legendre and Rassoulzadegan, 1995).
This can accelerate the rate of chemical constituents directly
entering the higher trophic levels, which in turn influences the
overall bio-accumulation in the food web (Moline et al., 2008).
Therefore in urbanized rivers, the physical regulation of the food
web is central to understanding the bio-magnification of metals
and organic contaminants within coastal marine ecosystems
(Pickhardt et al., 2002; Berglund et al., 2001). Unfortunately,
understanding the biogeochemical dynamics within coastal buoy-
ant plumes is complex because of the numerous interactions
between physics, chemistry, and biology.

The major physical factor dominating the biogeochemistry of
the Hudson river plume in spring 2005 was the formation of the
re-circulating bulge near the coast. The tendency of the Hudson's
outflow to result in a bulge was due to several factors (Chant et al.,
2008). A primary factor appeared to be the orientation of the
outflow relative to the coast line (Avicola and Huq, 2003; Horner-
Devine et al., 2006). Unlike the Chesapeake and Delaware, the
Hudson's outflow is not along a straight coastline, but rather flows
into an Apex and thus lacks an ambient down shelf flow to press
the outflow against the coast. Additionally there is no bathymetric
channel to steer the Hudson's outflow towards the coast, as is
present at the mouth of the Chesapeake Bay (Valle-Levinson et al.,
2007). Finally, the Hudson's outflow is highly stratified which
favors bulge formation. Together, coastal morphology and the
nature of the outflow favor bulge formation, which in turn
modifies the phytoplankton dynamics.

Phytoplankton biomass increases rapidly as the Hudson River
plume enters the ocean with populations photosynthesizing at
near the theoretical maximumwithin the re-circulating bulge. The
associated high turbidity resulted in light-limited phytoplankton;
however mixing rates were sufficiently rapid that the phytoplank-
ton did not induce photoacclimation processes to overcome their
overall light limitation (Prézelin et al., 1991, Falkowski and Raven,
2007; Dubinsky and Schofield, 2009). Using the draw down of
nitrate as an integrated proxy for total phytoplankton productivity,
the integrated daily productivity would be approximated to be
close to 400 mg C d−1. The nitrate consumption estimated produc-
tivity was 40% lower than the static ship board 14C incubations,
which reflects the important role of mixing within the plume to
determining the overall productivity of the plume (Figs. 9 and 10).
High 14C productivities suggests that static incubation light levels
were brighter than the light values encountered by phytoplankton
in the plume, despite they were incubated at the average light
value within the plume. Reconciling the two estimates would
require turnover of the plume to be slow enough to account for the
mismatch in the productivities from static incubations and the
nitrate drawdown. This would be on the order of 2 h.

Are the 2-h estimates of plume mixing reasonable? Upwelling
wind transports the plume offshore and “spreads” the water out
along the surface. These processes in the Mid-Atlantic bight
operate close to local inertial periods (∼18 h). In the bulge region,
mixing is complex and appears to be influenced by tidal forcing
and winds (Chant et al., 2008). The mean dilution rate of dye
injected into the re-circulating bulge suggested that mixing time
varied from a few hours up to one day (Houghton et al., 2009).
Variations in mixing time were dependent on wind forcing and
plume configuration. The vertical mixing time of the plume is
Tmix¼H2/(10�Av) (Fischer et al., 1979; Geyer et al., 2008) where H
is the plume thickness and Av is vertical eddy diffusivity. Houghton
et al. (2009) presents estimates of both H and Av in river plume
based on dye releases during LATTE and of a study of the Delaware
River Plume (Houghton et al., 2004). Based on these results Tmix

ranged from about 1 h in a rapidly advecting coastal current, to 3–
4 h during active upwelling favorable winds to 0.5–1 day in the
bulge region during moderate winds (rms 8 m s−1) and several
Please cite this article as: Schofield, O., et al., Phytoplankton productiv
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days during times of weak winds (o2 m s−1). However, in the
latter case conditions typically do not remain calm long enough for
vertical mixing of the plume to take this long and thus we
hypothesize that the upper bound for mixing time rarely exceeds
one day. Note that the mean predicted mixing rates were on the
order of a few hours, which was close to what is required to
reconcile integrated nitrate uptake and 14C productivity estimates.

The feedbacks between mixing and light-limited productivity
in extremely turbid environments has been studied extensively for
industrial applications however rarely quantified within natural
populations. Algal bioreactors have extremely high biomass con-
centrations that are one- to two-orders of magnitude greater than
the Hudson River plume despite the fact that these systems are
exponentially more turbid. In these systems, mixing rates increase
algal yields by circulating cells between the bright light at the
surface of the culture vessel to complete darkness within a few
centimeters in the culture (Richmond et al., 1994; Grobbelaar et al.,
1995; Doucha and Lívanský, 1995; Lívanský and Doucha, 2005;
Doucha et al., 2005). The mixing allows cells to maintain high
photosynthetic efficiencies and has been effectively exploited to
increase the algal yields (Eriksen, 2008). This is often referred to as
the “fluctuating light effect” (Phillips and Myers, 1954; Myers,
1994) and we hypothesize that similar processes are critical to
natural populations in turbid coastal buoyant plume waters. This
means that calculating the productivity within turbid waters is not
possible without quantifying the fluctuating light effect for natural
populations, which requires mixing rates within the buoyant
plumes to be measured.

High mixing rates in the plume, and the corresponding
high productivity rates, result in the build-up of biomass, which
in turn has important consequences for the chemistry and
physics of local system. Dissolved metal concentrations within
the bulge showed enhanced concentrations of iron (Fe), copper
(Cu) and zinc (Zn), nickel (Ni), cadmium (Cd), lead (Pb), silver (Ag),
and mercury (Hg) (Moline et al., 2008). For all the dissolved
metals, the concentrations decreased as salinities increased in
the water that exited the bulge and mixed with more saline shelf
water; however the concentration of some particulate metals,
including Ag, Cu, Fe, and Pb exhibited more complex, nonconser-
vative changes within the bulge indicative of the uptake by
suspended particles, including phytoplankton (Moline et al.,
2008). Thus factors that regulate the overall growth of the
phytoplankton, subsequent grazing and/or sedimentation is critical
to understand the offshore transport of metals into the coastal
waters of the Mid-Atlantic Bight.

Similarly the physics of the MAB coastal ecosystem will be
impacted. Phytoplankton concentrations regulate the radiant
transmission and heating rates of the mixed layer (Lewis et al.,
1990; Morel and Antoine, 1994; Ohlmann et al., 1996, 1998, 2000;
Bissett et al., 2001) and the enhanced near-surface stratification
positively feedback on the phytoplankton growth if there is
sufficient mixing, which in turn increases near surface local
heating (Dickey and Falkowski, 2002). This impact is enhanced
in turbid waters (Cahill et al., 2008). Cahill et al. (2008) demon-
strated that Hudson river's turbid optical properties were suffi-
cient to alter the surface heat budget by increasing the water
temperature and this altered the buoyancy driven circulation. This
increased the growth of phytoplankton and modified the plume's
optics, which then affected the overall heat budget. This effect in
the Hudson plume was sufficient to alter near-shore physical
structure and circulation, by enhancing stratification within the
plume that confined phytoplankton to the upper water column
and accelerating the draw down of nutrients. This stratification
however ultimately lowered the potential productivity of the
plume by increasing the proportion of the phytoplankton that
were chronically light-limited.
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In conclusion, bottom topography influenced the circulation of
the Hudson River, which trapped buoyant water, and the asso-
ciated organic material, near the estuarine outflow. In this water
mass, phytoplankton productivity rates were high despite that the
euphotic zone was very shallow due to high mixing rates within
the plume itself that minimized light-limitation due to the
fluctuating light effect. These results illustrated the critical impor-
tance of measuring the mixing properties within buoyant coastal
plumes, as it regulates the potential for biogeochemical transfor-
mations of the particulate and dissolved organic matter. Not
accounting for fluctuating light effects in these turbid plumes will
lead to large errors (∼40%) for traditional static biological mea-
surements of phytoplankton productivity. Obtaining estimates of
mixing in the photosynthetically active layer of turbid river
plumes is challenging because it requires turbulence measure-
ments in the upper few meters of the water column. Field efforts
to estimate dissipation rates with microstructure profiling in river
plume miss the upper two meters of the water column (Klymak
et al., 2006), while measurements with towed vehicles are
compromised by the ships wake in the upper ocean. While the
use of AUV's to provide near-surface estimates of mixing in river
plumes is promising (MacDonald et al., 2007) there have been few
field efforts to date and their use in the presence of surface gravity
waves are likely to be impaired. Improved understanding the
delivery of organic matter from the estuaries to the continental
shelf will require thus require development and deployment of a
new class of observing technologies.
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