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a b s t r a c t

During January–February 2011 standing stocks of phytoplankton (chl a) in the Pennell Bank region of the
Ross Sea were variable over 10–100 km spatial scales. One area of elevated chl a on central Pennell Bank
(CPB) appeared to be a recurrent mid-summer feature. The western flank (WF) of Pennell Bank had
pronounced signatures of Modified Circumpolar Deep Water (MCDW). We evaluated the spatial extent of
Fe limitation and net primary production and tested whether MCDW may provide elevated amounts of
Fe to the CPB region, through a combination of in situ measurements, shipboard incubations and a
horizontally resolved physical model. Regional fluxes of dissolved Fe from deep to surface waters were
compared to calculated Fe demands. Low in situ variable to maximum fluorescence (Fv/Fm; 0.24–0.37)
and surface water dissolved Fe concentrations (�0.12–0.21 nM) were suggestive of widespread limita-
tion, corroborated by the consistent responses (Fv/Fm, growth, and nutrient removal ratios) of incubation
treatments to Fe addition. MCDW from the WF region had lower dissolved Fe concentrations than that
measured in CDW (Circumpolar Deep Water), which suggests on-shelf modification with Fe deplete
surface waters and is consistent with the lack of stimulation due to incubation amendments with filtered
MCDW. Model results and empirical data suggest MCDW from the WF region is further modified and
mixed en route to the CPB region, leading to both the erosion of the canonical MCDW signature and an
elevated dissolved Fe inventory of CPB region deep water. This suggests the addition of Fe possibly via
diagenesis, as suggested by Marsay et al. (2014). Calculated deep water supply rates to the surface waters
of CPB were �0.18–0.43 m d�1, while calculated rates at the WF or northern Pennell Bank (NPB) regions
were negative. The CPB populations exhibited �4.5-fold higher net production rates compared to those
in the WF and NPB regions and required 520–3200 nmol Fe m�2 d�1. The modeled vertical supply rates
seem to provide �2–15% of the estimated Fe requirement. Since this flux is based on subsurface dis-
solved Fe inventories, it does not account for any bioavailable Fe from deep water particulate sources or
for Fe recycling in the upper water column. These data suggest the recurrent productivity hotspots at CPB
are not fueled by Fe-rich MCDW but are partially supported by the delivery of Fe through vertical ex-
change processes.
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Fig. 2. Glider depth profiles of chl a fluorescence and temperature across Pennell
Bank and Joides Trough during the cruise. Glider track is shown in red in Fig. 1a.
(A) Potential temperature. Black lines indicate neutral density contours at 28 and
28.27, indicative of Modified Circumpolar Deep Water. The arrow shown denotes
the point at which the glider changed course from a northeastern heading (along
Joides Trough) to a southward trajectory onto Pennell Bank (Fig. 1a). (B) Chl a
fluorescence. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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1. Introduction

The Ross Sea is one of the most productive regions in the
Southern Ocean (Arrigo et al., 1998). A recurring feature of the
southern Ross Sea is one of a massive spring bloom that declines in
summer well before irradiance or macronutrients become limiting
(Smith et al., 2000). Previous studies suggest that the late De-
cember decline of biomass (Smith et al., 2000, 2011; Smith and
Asper, 2001) is a result of decreased growth due to iron limitation
(Olson et al., 2000; Cochlan et al., 2002) coupled with increased
rates of loss. As the polynya first opens up in the open Ross Sea,
surface water dissolved iron concentrations can be as high as
�4 nM (Sedwick et al., 2000), but these values can be rapidly
drawn down early in the season by blooms dominated by Phaeo-
cystis antarctica (Sedwick et al., 2011) leading to iron limitation of
growth throughout the summer season. Iron-addition experi-
ments have also clearly demonstrated the role of iron in control-
ling summer growth in the Ross Sea (Sedwick et al., 1997, 2000;
Olson et al., 2000). The northern Ross Sea appears to be less
productive per annum, as it is ice covered for substantially longer
(Arrigo and Van Dijken, 2004), but has not been as extensively
studied.

There is substantial spatial and temporal variability in phyto-
plankton standing stocks in the Ross Sea (Smith et al., 2011). Sa-
tellite observations (Arrigo et al., 2008; Smith and Comiso, 2008)
and shipboard observations (Smith et al., 2000) demonstrate mid-
summer blooms in “open water” regions of the Ross Sea, where Fe
is not likely supplied from melting fast ice (Sedwick and DiTullio,
1997) or aeolian input (Winton et al., 2014). Intrusions of relatively
Fe rich deep waters may support the heterogeneous distributions
of productivity. One source of such deep water in the Southern
Ocean, the Upper Circumpolar Deep Water (UCDW), has been
shown to enhance biological production near the western
Fig. 1. Particulate organic carbon and satellite-derived chlorophyll a along sampling
PB¼Pennell Bank. (A) Glider track (red lines) and cruise track (highlighted by underw
where system was not operational – indicated by the black line). Stations sampled less
derived chlorophyll a concentration relative to Pennell Bank bathymetry and select statio
three regions. The western flank (WF, outlined in blue) identifies a region between 300
Bank (NPB, purple) indicate waters r300 m. In situ variable to maximum chl a fluoresce
levels (2008–2013; MODIS) were sampled across the transects (northern and central) sh
shown. (For interpretation of the references to color in this figure legend, the reader is
Antarctic Peninsula (Prézelin et al., 2000) and within the Antarctic
Circumpolar Current (Hiscock et al., 2003). UCDW is relatively old
water supplied primarily from the eastern South Pacific Ocean and
western Indian Ocean and is characterized by an oxygen minimum
locations during the SEAFARERS expedition. Abbreviations: MB¼Mawson Bank,
ay particulate organic carbon measurements via hyperspectral attenuation, except
and more intensively are shown as small and large circles, respectively. (B) MODIS
ns. Composite chlorophyll a concentrations from 24 to 27 Jan 2011 are divided into
and 400 m isobath, while central Pennell Bank (CPB; green) and northern Pennell
nce, station Si:N removal ratios, as well as 6 year historical mid-summer chlorophyll
own here. Incubation stations (7, 16, 24, and 48) and other stations of interest are
referred to the web version of this article.)
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and a thermal maximum (Whitworth and Nowlin, 1987; Park et al.,
1993). In the Ross Sea, another component of CDW (Lower Cir-
cumpolar Deep Water; LCDW) mixes with Antarctic Surface Water
to form Modified Circumpolar Deep Water with a range of neutral
densities (28–28.27; Jacobs and Giulivi, 1998; Orsi and Wie-
derwohl, 2009). MCDW flows south onto the shelf along the
eastern side of deeper troughs/the western side of banks (Orsi and
Wiederwohl, 2009; Dinniman et al., 2003; Kohut et al., 2013) and
is further modified along a counter-clockwise pathway around the
bank by mixing with surface waters above and denser High Sali-
nity Shelf Water (HSSW) below (Kohut et al., 2013; Dinniman
et al., 2003).

We observed a high biomass region over Pennell Bank from
Jan–Feb 2011 (Fig. 1) and the concurrent distinct expression of
subsurface MCDW along the bank's western boundary (Fig. 2).
Given the chronic mid-summer iron limitation, we hypothesized
the elevated biomass on Pennell Bank may be explained by iron
supplied from MCDW. If so, this should be a recurrent phenom-
enon because the dynamics of mid and deep water transport to
Pennell Bank is driven by topographic steering and geostrophic
forces (Kohut et al., 2013). MCDW may provide Fe to Pennell Bank
by at least one of two complementary mechanisms. First, the hy-
drodynamics may support an increased supply of deep waters,
including those containing constituents of MCDW, to surface wa-
ters on Pennell Bank; with adequate vertical velocity over the
shallows of the bank, the dissolved iron inventory of deep water Fe
sources need not be elevated. Second, these deep waters may
entrain Fe released from sediments around the bank as they are
further modified, increasing the Fe concentration. In this scenario,
a higher iron flux could be achieved without increasing the ver-
tical velocity. This second possibility includes dissolved Fe sourced
from benthic diagenesis as well as resuspension and transport of
particulate labile Fe species.

These two mechanisms of iron supply to Pennell Bank were
tested during an interdisciplinary sampling campaign dubbed the
SEAFAReRS (Slocum Enhanced Adaptive Fe Algal Research in the
Ross Sea) cruise. To determine whether this bloom was a persis-
tent or ephemeral feature, we analyzed historical MODIS chl a data
across the study region. During the cruise, water column physical
measurements documented the extent and spatio-temporal dy-
namics of MCDW (Smith et al., 2014; Kohut et al., 2013), while
dissolved Fe profiles characterized the relationship between var-
ious water masses and dissolved Fe and were also used to calculate
the Fe demand in surface waters at discrete stations. The relative
Fe status of phytoplankton populations were determined in am-
bient waters, as well as during incubation experiments in which
populations were amended with iron and with deep waters from
various sources. Rates of net primary productivity were measured
and the resultant areal productivity was combined with estimated
Fe:C ratios to calculate the Fe demands of extant assemblages. In
addition, a circulation model was employed to obtain estimates of
Fe supply through vertical mixing, as well as estimates of the
contribution of CDW to surface waters of Pennell Bank.
2. Materials and methods

2.1. MODIS-Aqua satellite chlorophyll measurements

NASA Moderate Resolution Imagine Spectroradiometer Aqua
(MODIS-A) mapped, 8-day, 9 km, standard chl a estimates (μg L�1)
from the 2013 MODIS-A Reprocessing 2013.1 were downloaded
from http://oceandata.sci.gsfc.nasa.gov for 2008–2013. Seven
8-day chlorophyll composites from January 1–February 25 along
two 5 pixel wide (�46 km) swaths centered on 54 section-long
northern (73° 37.5′ S, 176° 52.5′ E to 74° 52.5′ S, 178° 42.5′ W) and
central (73° 57.5′, 175° 57.5′ E to 75° 2.5′ S, 179° 37.5′ W) transects
across Pennell Bank were collected (Fig. 1B). There was significant
year to year variability in total chlorophyll across the region
(Supplemental Fig. 1, Supplemental Table 1), possibly due to dif-
ferences in physical forcing and timing of ice melt. To account for
this, each observation within a season was normalized to the
average value from both transects during that season. Then the six
year average from each section was calculated. For clarity of pre-
sentation, the running average over 5 sections were plotted along
each transect.

2.2. Cruise transect and underway measurements

A ship survey was completed from the RVIB Nathaniel B. Palmer
and sampled the banks and troughs of the outer shelf in the
northwestern Ross Sea (Fig. 1), with an emphasis on two transects
across Pennell Bank. Measurements of photosynthetically active
radiation (PAR) were taken continuously with a BSI QSR-240
sensor positioned on the mast. Underway parameters, including
particulate organic carbon (POC, estimated from hyperspectral
absorbance and attenuation) and variable to maximum fluores-
cence (Fv/Fm), were measured from water collected 6.7 m below
the surface, from the ship's underway seawater system. Hyper-
spectral absorbance and attenuation were measured as part of a
complementary effort to model primary productivity in the Ross
Sea (White et al., 2014; White et al., in preparation, absorbance
data not shown here). For attenuation and particulate carbon, this
source water was routed through a Vortex debubbler and a valve
control device that automatically diverted the inflow to a PALL
Supor 0.2 μm membrane filter for the first 10 min of every hour
prior to passing through a Wetlabs hyperspectral absorbance and
attenuation (ac-s) meter. For the remaining 50 min of each hour,
the valve control device routed water from the debubbler directly
to the ac-s. Particulate beam attenuation spectra were corrected as
per Slade et al. (2010). All raw data were binned to 1 min intervals,
the dissolved signal [cd(λ)] was subtracted from the unfiltered
signal [ct(λ)] to obtain particulate spectra [cp(λ)] which were then
corrected for variations in particle beam attenuation resulting
from residual temperature differences between filtered and un-
filtered spectra (see Slade et al. (2010)). For reference, at 660 nm
the magnitude of dissolved attenuation values were
0.022070.0138 m�1. Discrete samples (triplicate samples col-
lected at 6 discrete times, n¼18) were collected from the outflow
of the ac-s for calibration of cp(660) to particulate organic carbon
(POC) as measured by high temperature combustion of particulate
matter filtered onto glass fiber filters. The POC to cp slope for this
data set is 345 mg C m�2 with an intercept of 1.7 mg C m�3; these
values are used to transform the full corrected cp(660) dataset to
POC values. This slope is consistent with that reported by Cetinić
et al. (2012) for diatom dominated communities within the mixed
layer (369723 mg C m�2) and with the global analysis of Gardner
et al. (2006) which report a slope of 38173 mg C m�2 and an
intercept of 9.470.6 mg C m�3. For reference, we have also
compared cp(660) to the attenuation coefficient obtained from a
shipboard beam transmissometer (� log10 (T)) although the latter
was connected to a different flow through seawater inlet.

Chlorophyll a fluorescence was measured using a Satlantic FIRE
fluorometer (Gorbunov and Falkowski, 2004) and the ratio of vari-
able to maximum fluorescence (Fv/Fm) was calculated from Fo and
Fm. A reference excitation profile was collected during the cruise
using rhodamine dye as a standard. Fv/Fm was measured with a
single turnover 80 μs flash (peak emission 455 nm) followed by a
20 ms multiple turnover flash. Ten repetitive samples were aver-
aged for calculation of Fo and Fm using the software provided by the
manufacturer. Blank Fv/Fm values were generated daily from filtered
(0.2 μm syringe filter) seawater to correct Fo and Fm values prior to

http://oceandata.sci.gsfc.nasa.gov
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calculation of Fv/Fm. Blank values were 5–10% of sample values.
Underway variable to maximum fluorescence along two transects
across Pennell Bank (Fig. 1), from the 400 m isobath towards the
southeast, was used as a proxy for Fe status. Data were binned
according to their nearest proximity to one of 11 points from sta-
tions 16/24/41 to 28 across the central Pennell Bank transect
(Fig. 1B); points were 12 km apart on this 120 km transect (not
shown). Similarly, data were binned according to their nearest
proximity to one of eleven points from stations 50 and 46 across the
northern Pennell Bank transect (Fig. 1B); points were 13.6 km apart
on this 136 km transect (not shown). To minimize the effects of
photo-bleaching, observations corresponding to mast PAR values
greater than 300 μmol photons m�2 s�1 were omitted (as de-
scribed below, this translates to an approximate irradiance of
100 μmol photons m�2 s�1 at the collection depth). Due to in-
strumentation problems, Fv/Fm measurements were not available
for the entire cruise. Data were compiled from four passages across
the central transect and one across the northern transect.

2.3. Process casts and discrete sample collection

Vertical profiles were obtained with a Sea-Bird 911þ CTD
equipped with WetLabs FLRTD fluorometer, Biospherical Instru-
ments QSP-2300 PAR sensor, and a SeaBird SBE 43 oxygen sensor.
Mixed layer depth (MLD) was determined as that where sigma-t
increased by 0.125 kg m�3 (10 dbar reference; Lorbacher et al.
(2006); Supplemental Table 2). For comparison, depths were also
calculated using two other methods (based on O2, Castro-Morales
and Kaiser (2012); on a sθ difference of 0.03 kg m�3, De Boyer
Montégut et al. (2004), both with a 10 m reference). These shallow
environments are subject to significant tidal activity (Kohut et al.,
2013) so we tested whether there might be a relationship between
mixed layer depth and diurnal tidal phase; no such relationship
was evident (Supplemental Table 2, Supplemental Figs. 2 and 3).
The median MLD for each station visit was used in all subsequent
calculations. Stations 61 and 64 were assumed to represent a
single location, since the elapsed time between the casts at these
stations (0.36 d) was comparable to times between individual
casts at a single station.

Discrete macronutrient samples, including nitriteþnitrate
(hereafter nitrate) and silicate, as well as particulate organic car-
bon (POC), particulate organic nitrogen (PON) and chl a samples
were taken from 0 to 200 m. Samples were filtered for chlorophyll
on 25 mm GF/F (Whatman) filters and frozen (�80 °C) until ex-
traction in acetone. Extracts were measured on a Turner Trilogy
fluorometer, calibrated using the extinction coefficients of Porra
et al. (1989).

2.4. Dissolved Fe concentrations

Seawater samples were collected for Fe analysis and incuba-
tions from stations 7 and 61 (CPB), 16, 24 and 41 (WF) and 48
(NPB; Fig. 1B). In addition, samples were collected from a station
just beyond the shelf break (St. 14, 72° 34.98′ S, 178° 30′ E,
z¼1887 m) at 450 m for Fe analysis and an incubation treatment.
Samples were collected using a trace-metal clean sampling system
with 12 L Teflon lined GO-FLO (General Oceanics) bottles, and fil-
tered subsamples were drawn into acid pre-washed 125 ml poly-
methylpentene bottles after three sample rinses (Measures et al.,
2008). Samples were stored in polyethylene bags in the dark at
room temperature before Fe determination, which was usually
within 24 h of collection. Duplicate samples were collected for
shore-based determination of dissolved Fe by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS). Shipboard Fe samples were
acidified (125 μl sub-boiling distilled 6 N HCl), microwaved for
3 min in a 900 W oven to achieve a temperature of 60710 °C, and
cooled for at least 1 h prior to Flow Injection Analysis (FIA; Mea-
sures et al. (1995)). A 3 min pre-concentration of sample (�9 mL)
onto an 8-hydroxyquinoline resin column yielded a detection limit
of 0.02 nM and a precision of 3.6% at 0.20 nM. Shipboard FIA data
were initially corrected for the system and reagent blanks using a
sample spiked with EDTA. We have found however that this cor-
rection does not always provide a completely accurate assessment
of the blank and thus undertake a separate assessment of the
blank by running a subset of samples by shore-based ICP MS. The
results of these shore-based determinations are then regressed
against the shipboard values yielding a more accurate assessment
of the blank which is then used to correct the shipboard values
(Hatta et al., 2013, 2015; Milne et al., 2010). For shore based ICP MS
determinations, acidified samples (12–15 mL, 0.024 M HCl) were
spiked with 57Fe (91.9% 57Fe, 7.2% 56Fe), pre-concentrated with an
in-line micro-column containing �200 μL of Toyopearl AF Che-
late-650 resin, and extracted in sub-boiled 1 M trace metal clean
nitric acid. The eluates were analyzed on an ICP-MS (Thermo
Scientific, Element 2, Medium-Resolution) with Apex-Q high effi-
ciency inlet system (Elemental Scientific) and a self-aspirating
nebulizer (PFA, Elemental Scientific) at 400 μL min�1. The ICP-MS
detection limit for Fe (0.0170.01 nM) was calculated from
3 standard deviations of replicate measurements of the acid blank.
ICP MS determination of Fe in the GEOTRACES open ocean re-
ference material yielded 0.96070.057 nM, in good agreement
with the inter-laboratory averages of 1.0070.10 nM reported for
these materials (consensus value by Bruland, May 2013).

Water masses were identified as MCDW according to the three
criteria (Jacobs and Giulivi, 1998; Orsi and Wiederwohl, 2009).
There must be a local maximum in temperature at depth which
corresponds to a local dissolved O2 minimum. These features must
also fall within the neutral density boundaries (28–28.27). CDW at
station 14 was identified as that at 300–600 m with a thermal
maximum (1.35 °C, slightly cooler than the canonical 1.5 °C
threshold) and O2 minimum. It is important to realize that the
original MCDW derived from CDW enters the Ross Sea and be-
comes increasingly modified by mixing processes on the shelf with
the waters above and below it, thus the original signatures of this
water mass become successively eroded. The comparison of deep
water dissolved Fe concentrations on Pennell Bank to those in
MCDW to gauge the latter's importance as an Fe source was
complicated by the eroded T, O2 and neutral density signatures of
MCDW on Pennell Bank. Nonetheless, to get a general idea of the
potential role of MCDW on Pennell Bank deep water Fe content,
the average Fe concentration from 100 to 200 m at each station
was calculated from measured values at discrete depths by tra-
pezoidal integration, using midpoint Reimann sums.

2.5. Shipboard Fe manipulation experiments

All materials were cleaned and pre-conditioned to minimized
trace metal contamination as described previously (Kustka et al.,
2015). Trace metal clean seawater was collected as detailed above
and bottles were removed from the rosette and carried into a
trace-metal clean van for subsequent processing. GO FLOs were
emptied into cleaned 20 L polycarbonate carboys with C-flex
tubing (Cole-Parmer), which were transported to a HEPA work-
station inside a HEPA filtered “bubble” room, where �8 L aliquots
were dispensed into cubitainers.

2.6. Addition of micronutrients and deep waters

Ferric chloride, from a 100 μM stock in 1 mM Q-HCl, was added
to achieve a final concentration of 1 nM Fe. Deep water (of varying
characteristics and sources, described below) was added to pro-
vide a 20% contribution to the total volume. Deep water collected
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for incubations at stations 16 and 24 had marked MCDW char-
acteristics but those at stations 7 or 61 did not (see below). In
addition, CDW was collected from station 14 on Julian day 26.13
and used in an incubation with surface water from station 16 to
contrast the effects of CDW and MCDW. Cubitainers were in-
cubated within a van maintained at 1–2 °C and equipped with
spectrally corrected blue light. Irradiance in the center of a cubi-
tainer was �40 μmol photons m�2 s�1.

MCDW collected for incubation experiments fit the criteria
specified above (neutral density, local maxima and minima in
temperature and dissolved O2, respectively). The O2 sensor on the
trace metal rosette was subject to periodic freezing on deck (the
process rosette was protected) and the dissolved O2 profiles from
the trace metal rosette were useful to define O2 minima but were
qualitative. O2 profiles from process casts taken before or after
trace metal casts verify the depths of these O2 minima.

2.7. Phytoplankton response to Fe and deep water additions

Four metrics (two estimates for growth rate, Si:N removal ratio,
and variable to maximum fluorescence, Fv/Fm) were measured
over the course of incubations, about every 3 days for 9 days (or
for 6 days in the case of station 48) to assess the relative Fe status
of phytoplankton. Phytoplankton growth rates were estimated
based on chl a accumulations and decreases in nitrate con-
centrations during the experiments. Variable to maximum fluor-
escence was measured at each sampling event to indicate phy-
siological stress from iron limitation. Silicate to nitrate removal
ratios were also calculated based on nutrient levels at the start and
end of each experiment. Samples were filtered for chlorophyll on
25 mm GF/F (Whatman) filters and frozen (�80 °C) until extrac-
tion in methanol. Extracts were measured on a Turner AU-10
fluorometer, calibrated using the extinction coefficients of Porra
et al. (1989). To measure variable to maximum fluorescence,
samples were acclimated at 1–2 °C in darkness for 20 min prior to
measurement. Due to instrument problems, active fluorescence
measurements were not available from cast samples at station 7.
Underway variable to maximum fluorescence values were
0.26470.021 at this location 19 and 22 days later.

Nitrate and silicate concentrations were analyzed on-board
using a five-channel Lachat Instruments QuikChem FIA system
(Armstrong et al., 1967; Atlas et al., 1971). Minimum detection
limits for nitrate and silicate throughout the cruise ranged from
0.148 to 0.201 μM and from 0.58 to 1.76 μM, respectively. Silicate:
nitrate removal ratios were calculated from the ratio of the dif-
ferences between the beginning and end of incubations (Supple-
mental Table 3). Chl a based growth rates were calculated as the
slope of the natural log of chlorophyll concentration versus time
from time zero. For nitrate removal -based growth rates, we as-
sumed removal was partitioned into particulate organic nitrogen
(PON). PON at time zero was estimated from the median mixed
layer PON, and growth rates were calculated as the natural log of
PON accumulation through time.

Responses of each of the metrics to various treatments were
evaluated with a single classification analysis of variance with
planned contrasts. Hypotheses tested included whether (1) phy-
toplankton growth rates were Fe-limited (as evidenced by a sti-
mulation in growth as a result of ferric chloride additions, com-
pared to no Fe added controls, for stations 7, 16, 24 and 48),
(2) whether additions of filtered MCDW (stations 16 and 24) or
filtered deep water (station 7) stimulated growth relative to con-
trol conditions, and (3) whether additions of unfiltered MCDW
stimulated growth. This was done for station 24, by comparing
unfiltered MCDW responses to control conditions. From each set of
treatments, the threshold value for significance was calculated for
each experiment as α/k, where α¼0.05 and k indicates the
number of comparisons made within each treatment (k¼2, 3, 3,
and 1 for incubations from station 7, 16, 24 and 48, respectively).
As a result, Bonferroni corrected α′ values for these (one-tailed)
comparisons were 0.025, 0.0167, 0.0167 and 0.05, respectively.

2.8. Photosynthesis-irradiance relationships and in situ Fe demand

Photosynthesis-irradiance experiments were conducted using a
14C-radiotracer method. Samples were collected from 5 m using the
trace metal clean rosette or by TMC pumping of surface water (Vink
et al., 2000). Water samples were processed in a flow hood and all
plastic ware was acid washed with 10% trace metal grade HCl
(Martin et al., 1991). Incubation chambers consisted of two photo-
synthetrons (OHPT Inc. Delaware, USA); irradiance was controlled
with both copper sulfate and neutral density filters with incubation
light levels ranging from 0 to 500 mmol photons m�2 s�1. Incuba-
tion temperatures were maintained at a constant 0 °C via circulating
water baths filled with a 90% glycerol solution. At each station 50 mL
of a 0.2 mCi 14C bicarbonate stock was added to 80 mL of sample to
achieve a final 14C-concentration of 125 pCi mL�1. Following the
addition, the sample was gently inverted and 100 mL placed into a
scintillation vial containing 1 mL of 0.2 mm filtered seawater (FSW)
and 100 mL of β-phenethylamine to determine the specific activity.
The remaining sample was dispensed among 15 polyethylene scin-
tillation vials with a final volume of 5 mL per vial. Samples were
incubated for 24 h (and therefore reflect net primary production
rather than gross production which is often seen in shorter in-
cubations (Halsey et al., 2011) and acidified with 250 mL of 10% hy-
drochloric acid in a fume hood for 8–12 h, after which 19 mL of
Ecolume scintillation fluid were added. Radioactivity was measured
on Tri-Carb liquid scintillation counter after 24 h and again after
1 week. For each experiment, duplicate vials were wrapped with
aluminium foil before incubation and the corresponding dark
14C-fixation was subtracted from the light values. Primary pro-
ductivity was calculated by multiplying the percent of carbon la-
beled by the total carbon available for photosynthesis (e.g. total al-
kalinity calculated from SST and salinity measured at each station as
per Lee et al. (2006)) and dividing by incubation time. All rates were
normalized to chlorophyll a concentrations. The results of each P–E
experiment were fitted to a hyperbolic tangent model using least-
squares non-linear regression in Matlab™.

Depth and diel integrated water column net productivity was
determined from the photosynthesis-irradiance relationships de-
scribed above, the empirical relationship between above-sea PAR
and time of day determined during this sampling campaign (Eq. (1))

PAR 410 sin 2 /24 GMT 4.71 h 459. 1π= * ( *( + ) + ( )

the transmission of PAR into the ocean and the light attenua-
tion coefficients calculated within the mixed layer at each station.
The transmission of PAR into the ocean was determined at one
hour intervals over a 24 h period using the solar zenith values (at
Julian day 32 and at 74.5° S) and a cruise-averaged wind speed of
7.4 m s�1, following Walsby (1997). This resulted in transmission
values ranging from 56% to 80% of surface (mast) PAR, depending
on time of day.

At each station, the hourly irradiance at each meter in the
mixed layer was calculated from ambient PAR, PAR transmission
into the surface ocean and the light attenuation coefficient. Hourly
net C-fixation at each depth was determined from this irradiance,
the measured P–E relationship, and chlorophyll content. Pro-
ductivity was calculated for subsequent 5 m depths beneath the
mixed layer (until reaching the 1% light level), using the depth
averaged chl a content, light at mid-depth for that stratum, and
the P–E relationship. These data were integrated over 24 h to ob-
tain new production (mol C m�2 d�1).



Table 1
Station locations and characteristics. Station sampling times, station region (CPB, Central Pennell Bank; NPB, Northern Pennell Bank; WF, western flank), and latitude and
longitude are reported. Median mixed layer depth, mixed layer averaged chlorophyll a, vertical extinction coefficients (k), and total water depth (Z) were determined from
process casts. Further details, including all mixed layer determinations at these locations, are found in Supplemental Table 2.

Julian day Station Region Lat Lon MLD (m) chl a (μg L�1) k (m�1) Z (m)

22.8–23.2 7 CPB �74.502 178 30 4.67 0.226 275
27.1–27.3 16 WF �74.133 176.666 30 0.51 0.053 385
31.7–32.2 24 WF �74.133 176.666 29.5 1.00 0.085 395
37.1–37.2 41 WF �74.133 176.666 32 0.64 0.081 402
38.2–38.5 48 NPB �74.201 178.753 27 0.75 0.084 260
40.9-41.3 61/64 CPB �74.5 178 35 3.37 0.210 276

Fig. 3. Mid-summer MODIS-derived chlorophyll a across two Pennell Bank trans-
ects over a six year period. The northern and central transects (see also Fig. 1 B) are
indicated in solid and dashed lines. The location of isobaths (300 and 400 m) across
the northern and central transects are indicated with triangles and inverted tri-
angles, respectively. All data were normalized to the overall average from these
transects. Running averages over 5 sections (along 54 sections from east to west, as
described in methods), are presented for clarity.
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Using regionally averaged surface PAR values minimized con-
founding factors of station location and short term variability in
irradiance due to cloud cover. Similarly, irradiance penetrating into
the surface ocean was estimated to avoid artifacts of ship shading
or deck lighting of the PAR sensor on the CTD rosette.

The Fe demand at each station was estimated from net pro-
ductivity, euphotic zone integrated phytoplankton biomass, and
the calculated Fe:C ratio. The Fe:C ratio of surface phytoplankton
was estimated from upper water column Fe removal, normalized
to N. For each nutrient, surface and subsurface pools were esti-
mated by trapezoidal integration from 0 to 100 m and 100 to
200 m. While the mixed layers were always o100 m, these two
layers were chosen to represent the proximal Fe supply because
the steepest segments of the ferricline started to relax near 100 m,
with relatively low and uniform surface water concentrations. The
sub-surface pool supplying the upper 100 m was assumed to ex-
tend from 100 to 200 m (rather than to the bottom), because the
relative horizontal and vertical transport of deeper waters (and
therefore their potential contribution to surface waters) is not
clear. For integration, values obtained at the shallowest depth
sampled (20–38 m) were assumed to extend to the surface. For
each station, an estimate of the Fe:C ratio was calculated from the
Fe:N removal ratio within the upper 100 m and an assumed C:N
molar stoichiometry of 6.37 for Ross Sea diatoms (Arrigo et al.,
1999). Fe:C values for WF and CPB regions were calculated from
average values calculated from each station (n¼3 and 2, respec-
tively); the NPB region was visited once (station 48). The use of
dissolved nutrient profiles to estimate Fe:C quota can be
complicated by Fe supplied to these surface waters from ice melt.
Sea ice derived iron can be sequestered shortly after spring-time
ice melting events (Sedwick and DiTullio, 1997; Sedwick et al.,
2011), which would lead to an underestimate of the true Fe:N
quota. We cannot quantify the effect this may have had during our
field campaign, but this may have been negligible since an analysis
of gridded monthly average sea ice concentration (SMMIS) shows
the polynya opened early and to a larger extent than in the pre-
ceding and following years (data not shown).

At each station euphotic zone Fe demand for new C production
was estimated based on the integrated C production and the Fe:C
ratio. The vertical mixing (m d�1) required to deliver the dissolved
Fe to meet this demand to the euphotic zone (assuming 100% of
this is met by this source) was estimated by dividing the Fe de-
mand (mol m�2 d�1) by the integrated dissolved Fe concentration
in the 100–200 m layer (mol m�3). This subsurface layer was
chosen, rather than the entire sub-euphotic zone, for the reasons
mentioned above.

2.9. Water column physics and optics from glider AUV sections

A deep Slocum electric glider (Teledyne Webb Research) was
deployed to sample between 10 m below the surface and 10 m
above the bottom and was equipped with a sensor suite that
characterized physical structure (conductivity, temperature, depth,
dissolved O2), in situ fluorescence and optical backscatter. On
December 10, 2010 the deep glider was deployed from the sea ice
edge near Ross Island. The 52 d mission took the glider east along
76.5° S before turning toward the northwest toward Pennell Bank.
Once the ship started its survey on January 20th, 2011, the com-
plementary glider sampling provided high vertical and horizontal
resolution of the physical characteristics in the vicinity of the flow
along western Pennell Bank and into Joides Trough. The glider data
discussed in this analysis was focused on the portion of the mis-
sion conducted over the western flank of Pennell Bank (Fig. 2).
Over this segment of its mission, the glider transited northeast
toward WF, turned southeast and continued to the CPB region. The
data resolution was 0.25 m (vertical) and �2.2 times the water
depth (horizontal). Data were verified during calibration casts
with the glider secured to the ship's rosette.

The physical supply rates of deep water to the surface layer
over Pennell Bank were estimated from a Regional Ocean Model-
ing System (ROMS; Haidvogel et al. (2008) and Shchepetkin and
McWilliams (2009)) 3-D model simulation of the Ross Sea. The
model domain includes all of the Ross Sea continental shelf (in-
cluding the cavity underneath the Ross Ice Shelf) and extends
north to 67.5° S. Horizontal grid spacing is 5 km and there are 24
vertical layers. The model not only includes a dynamic sea-ice
model (Budgell, 2005), but also simulates the mechanical and
thermodynamic interactions between the Ross Ice Shelf and the
waters underneath (Holland and Jenkins, 1999; Dinniman et al.,
2011). This study uses a model run covering the time period 15
September 2010 to 27 February 2012 and is forced with six hourly,



Fig. 4. Vertical profiles of temperature (red), salinity (orange), dissolved oxygen (blue and black, described below) and chlorophyll a fluorescence (green) from trace metal
casts used for incubations. Stations 16 and 24 (Panels A and B) have characteristics indicating the presence of MCDW (potential density 28–28.27 coincident with local
temperature maxima and oxygen minima, indicated with shaded bars on y axes), while these characteristics at stations 7, 61 and 48 (Panels C–E) have been eroded by further
mixing. Shallow and deep water sources for incubations (stations 7, 16 and 24 only) are indicated by dashed lines. The O2 sensor on the trace metal rosette was subject to
periodic freezing on-deck (values shown in blue), but the sensor was protected for the ‘process cast’ rosette (values shown in black). The process cast times relative to trace
metal casts are shown in parentheses. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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0.75° horizontal resolution, European Centre for Medium-Range
Weather Forecasts (ECMWF)-Interim reanalysis winds and atmo-
spheric temperatures (Dee et al., 2011), with the rest of the at-
mospheric forcing fields (air pressure, humidity and clouds) being
the same as in Dinniman et al. (2007). There is no surface re-
laxation of temperature or salinity. Tidal forcing at the lateral
boundaries is from the CATS2008 tidal model, which is an updated
version of the inverse tidal model of Padman et al. (2002). Further
details on this particular model setup can be found in Marsay et al.
(2014).

Throughout the simulation we used virtual dye and the tra-
jectories of neutrally buoyant passive particles to estimate physical
delivery rates of CDW and deep water to different regions of the
bank. At the start of the simulation, an artificial dye tracer with an
initial concentration of 100.0 representing CDW is placed in water
off the continental shelf (defined by the 1200 m isobath) at all
depths where the temperature is greater than 0.0 °C. This tracer is
then allowed to advect and diffuse freely over the entire model
domain in order to track pathways of CDW onto the shelf (Din-
niman et al., 2011). There is no surface or bottom flux of the CDW
tracer, but there is a lateral source at any off shelf boundaries
where the boundary information meets the criteria for CDW.
Changes in dye concentration among the different water masses
along these trajectories quantified the vertical supply of these
deep waters into the upper water column. The particles are ad-
vected by having the rate of change of the position of the particle
at every model time step be equal to the three dimensional ad-
vective velocity of the model (at the time and position of the tracer
particle) plus a vertical diffusion term which was included by
adding a randomwalk in the vertical direction (Hunter et al., 1993;
Visser, 1997). Particles were initialized over Pennell Bank within
the 500 m isobath on a fixed initial grid. This grid was 15 km in the
horizontal layered every 20 m in the vertical starting 5 m below
the surface. Drifters on this grid were released 8 times, 5 days
apart, beginning at 00:00 Z on January 13, 2011. The last release
was on February 17, 2011 and each drifter was tracked until the
end of the model (1 year later). The releases overlap with the
shipboard sampling and resolve spring/neap tidal variability. For
each particle we recorded the hourly model estimates of tem-
perature, salinity, density and dye concentration along its
trajectory.

The dye was used to track the intrusion and subsequent mixing
of CDW into waters within our study area. Over the course of the
simulation, dye concentrations at each drifter location docu-
mented the propagation of dye (MCDW) onto the Ross Shelf. Dye
concentrations were recorded at each simulated drifter location
over time within regions of the bank (the western flanking, east-
ern flanking, central Pennell Bank, and northern Pennell Bank,
respectively), represented by our sampling stations (Fig. 6). The
average dye concentrations for all drifters within each region were
used to estimate a time series of dye concentration. The rate of
change of the dye concentration in surface waters (0–100 m) at
each station relative to the dye concentrations in the layer below
(100–200 m) was used to estimate the physical delivery rate of the
dye to the surface waters over that region of the bank, and was
calculated in two ways. First, the slope of surface water dye con-
centration over time (65 days) was divided by the median deep
water dye concentration. Second, the median surface water in-
crease in dye concentration (deep water normalized) was calcu-
lated, as follows. The daily increases in dye concentration (n¼64)
were calculated and divided by the deep water dye concentration
at each time step (averaged over two days). The median value was
determined from this population of values. Data from the first and
second methods are presented here as, “65 day integrated” and
“median daily” values, respectively.

To better determine the potential sources of upwelled waters,
the locations of drifters observed in surface waters at station CPB
or NPB (10 km radius) on either 31 Jan or 14 Feb were hindcast 14
days. Together these data were used to evaluate whether the
vertical supply of deep waters could satisfy the Fe demands to



Fig. 5. Dissolved Fe and nitrate depth profiles. Filled and open symbols represent Fe and nitrate, respectively. (A–C) dFe profiles from western flank stations 16, 24 and 41.
(D) dFe profiles from central Pennell Bank stations 7 (circles) and 61 (diamonds). (E) dFe profile from northern Pennell Bank station 48.
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support the measured rates of productivity at the WF, CPB and NPB
regions.
3. Results

During this sampling campaign, both underway estimates of
particulate organic carbon and satellite/shipboard chlorophyll a
reveal elevated biomass in the central region of Pennell Bank (CPB;
Fig. 1B, Table 1) relative to adjacent waters at the western flanking
(WF) and northern Pennell Bank (NPB) regions. Station 7 had the
highest chl a levels (4.67 μg chl a L�1 within a 30 m ML), and chl a
at station 61/64 (18 days later) was �3.37 μg chl a L�1 in a 35 m
ML, comparable ML-integrated chl a values. Station 48 (NPB) had a
chl a concentration of 0.75 μg L�1, comparable to values of
0.7270.25 μg L-1 at WF stations. These observations are consistent
with the glider profiles which show dramatic increases in chl a
from Joides Trough into the CPB region (Fig. 2B). MODIS data
suggest the high chl a observed at stations 7 and 61/64 during this
study is a recurring feature during the summer months (Fig. 3,
Supplemental Fig. 1, and Supplemental Table 1). Along the CPB
portion of the transect, chl a levels were �4 times greater than
those observed in WF region waters, and about twice as high as
levels seen in the transect 95 km to the north.

The MCDW feature along the WF region was persistent
throughout repeated station visits (Fig. 4A and B, other data not
shown). At central Pennell Bank (CPB) stations 7 and 61/64 and
northern Pennell Bank (NPB) station 48, all in shallow (o300 m)
waters, the MCDW signatures were eroded, as might be expected
based on mixing with shelf waters as it follows the counter-
clockwise pathway around the bank (Kohut et al., 2013).



Fig. 6. Variable to maximum fluorescence along Pennell Bank transects. Distances
are calculated along transects shown in Fig. 1B relative to stations 16/24/41 or
station 50. Average underway values along the CPB transect during Julian days 32,
37, 40 and 41 are represented by circles, triangles, diamonds, and squares, re-
spectively, while values along the NPB transect (Julian day 37 and 38) are re-
presented by inverted triangles. Error bars represent standard deviations. Julian day
40 observations are offset by þ3 km for clarity of presentation. Bold and regular
arrows indicate locations of station 7 and 48 along transects.
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3.1. Dissolved Fe profiles and in situ Fe status

Depth-integrated dissolved Fe within MCDW water masses
from three WF stations (17 total measurements) averaged
0.233 nM (70.019 nM, n¼3; Fig. 5). These were lower than the
0.46 nM observed in the CDW source off the shelf, and comparable
to the 0.24070.039 nM observed at 100–200 m within the rela-
tively shallow CPB and NPB regions. At all stations, vertical profiles
of dissolved Fe exhibited characteristic nutrient behavior, with
lower concentrations in the upper 100 m, ranging from 0.12 to
0.21 nM (Fig. 5). Variable to maximum fluorescence across CPB
and NPB transects reveal little consistent spatial variability (Fig. 6),
with transect averages ranging from �0.24 to �0.37 suggesting
widespread limitation. It is worth noting that this proxy for Fe
status is subject to variability due to taxonomic composition
(Suggett et al., 2009).

Fe additions in incubations led to dramatic increases in chl a
(Fig. 7), yielding net growth rates of �0.26–0.37 d�1 (Table 2). The
chl a-based growth rates in controls were 31–44% of growth rates
obtained with Fe addition, while growth rate estimates based on
nitrate removal in controls were 43–56% of those with Fe additions.
Average growth rates based on nitrate were, on average, 80% of
those based on chlorophyll.This difference may reflect deviations
from the assumption that the in situ PON concentrations approx-
imate that of ambient phytoplankton and that all phytoplankton
growth is fueled by nitrate uptake (discounting the role of recycling
of other nitrogenous substrates). Nonetheless, these and other me-
trics allowed us to evaluate the responses towards Fe and various
deep water additions. Iron additions also led to increases in variable
to maximum fluorescence (from 0.158 to 0.503 for station 16, from
0.213 to 0.565 for station 24, and from 0.332 to 0.541 for station 48,
with the coefficient of variation between replicate cubitainers less
than 2%). Iron addition at station 7 resulted in an average Fv/Fm value
of 0.373 after 9 d of incubation, greater than that obtained in control
treatments (0.221), and the average value observed at or near this
location later in the cruise (0.263). These additions also led to de-
creases in Si:N removal ratios, to 1.2870.08, 1.2770.05, 1.0570.30
and 0.9770.10 mol:mol for stations 7, 16, 24 and 48 respectively,
some 34–56% of control values. For all incubations and metrics, the
responses to iron additions were significant compared to control
treatments (Supplemental Table 4).
Filtered deep water additions did not have a consistent effect
on any of these four metrics. Only deep water additions at station
7 elicited a modest effect on nitrate based growth rates (0.130 7
0.0014 versus 0.085 7 0.020 for no iron controls; p ¼ 0.018,
α/¼0.025).. The lack of a consistent effect from deep water addi-
tion for this incubation experiment at this station is consistent
with the small final concentration of Fe added from deep water
(0.028 nM; Table 2).Station 24 incubations amended with un-
filtered MCDW had significantly lower Si:N removal ratios(p¼
0.014, α/¼0.0167; Figure 8, Supplemental Table 4) and nitrate-
based growth rates (p¼0.014, α/¼0.0167; Table 2, Supplemental
Table 4), but there was no differential responses for the other
metrics to this treatment.. The source water for this incubation
contained about �1 nM particulate labile Fe (Lam et al., 2014),
which would have raised the Fe inventory by an additional 0.2 nM
(Table 2).

Stations from WF and NPB regions exhibited chl a-specific
maximum rates of photosynthesis (Pbmax) of 1.6870.13 g C g chl
a�1 h-1 (n¼4). In contrast, CPB stations 7 and 64 (Julian days 22–
23 and 40–41) had Pbmax values of 4.2170.4 and 3.207
0.29 g C g chl a�1 h�1, respectively (Table 3). Areal productivity at
CPB stations (457 and 300 mmol C m�2 d�1 for stations 7 and 61/
64, respectively) was, on average, �4.5-fold higher than sur-
rounding stations at WF and NPB (Table 3).

Estimates of Fe:C demand, based on Fe and nitrate deficits in the
upper 100 m, did not show any apparent spatial trends, with values
ranging from 0.8 to 2.5 μmol:mol Fe:C among stations. Average Fe:C
ratios at each location (from multiple station visits and profiles)
ranged from 1.5 to 2.1 μmol:mol. These average Fe:C demands (al-
ternatively, an assumed phytoplankton Fe:C ratio of 7 μmol:mol)
were multiplied by the net primary production at each station to
calculate areal Fe demands (nmol Fe m�2 d�1). These calculated
demands ranged from �790 to 3200 nmol Fe m�2 d�1 at station
7 and 520–2100 nmol Fe m�2 d�1 18 days later (at station 61/64).
The calculated lower and upper ranges for the Fe demand in the WF
region were �80–160 and �390–740 nmol Fe m�2 d�1, while
station 48 (NPB) had an Fe demand from 190 to 640
nmol Fe m�2d-1. Assuming Fe is supplied solely by vertical supply
requires a velocity of 2.4–11.2 m d�1 (at CPB stations) and of
�0.7–4.0 m d�1 at other stations (Table 3).

The quantification of CDW-derived dye from the model re-
vealed spatiotemporal patterns in dye concentrations consistent
with the counter clockwise circulation of deep water around and
across Pennell Bank (Kohut et al., 2013). In the western region, dye
in the three deepest layers was present at approximately equal
concentrations (�0.35 of CDW) and did not increase over this time
(Supplemental Fig. 4A). These are consistent with the barotropic
flow in the region and also suggest these deep water had achieved
steady state with respect to dye input and removal. Dye content
from 0 to 100 m decreased slightly over time, resulting in a cal-
culated negative supply rate (�0.30 to �0.37 m d�1; Table 4). In
the CPB, dye increased in deep waters (4100 m) from �13.5% to
21%, showing equilibrium conditions had not yet been reached.
The presence of the CDW tagged dye at CPB indicates that these
deep waters are derived in part by MCDW. The estimated vertical
supply ranged from 0.18 to 0.43 m d�1, depending on the method
of calculation (Table 4). Trajectories of particles within 10 km of
our sampling stations identified differences in potential source
water. Over the Central Pennell bank station, 14 day trajectories
from deeper waters originated from the southwest, within the
vicinity of the 300 m isobaths (Fig. 9). In contrast, just 95 km to the
north (station 48; NPB), particles in the upper 100 m were pri-
marily derived from upper water sources from the north. This
suggests complex circulation patterns that may play a role in the
observed disparities in historical chlorophyll levels along these
two transects (Fig. 3).



Fig. 7. Effect of various deep water additons and iron during incubation experiments. Rows 1–3 represent chl a accumulation, nitrate drawdown and variable fluorescence,
respectively while columns 1–3 represent stations 7, 16 and 24. Open triangles and circles represent ferric chloride (1 nM addition) and control treatments, respectively. Grey
squares represent 20% addition of filtered MCDW for stations 16 and 24 and deep water for station 7. For stations 16 and 24, grey diamonds indicate treatments amended
with filtered CDW or unfiltered (raw) MCDW, respectively. Station 48 results are not shown here but all data are provided in Supplemental Table 3. Note that surface water
and deep water amended treatments have differing starting chl a and nitrate concentrations, as expected.
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4. Discussion

The dissolved Fe concentrations corresponding to the MCDW at
WF stations 16, 24 and 41 were lower than that obtained at similar
depths from offshore CDW sources (station 14; �0.45 nM). Model
results suggest that the MCDW waters found in the WF region are
comprised of no more than ca. 35% CDW (Supplemental Fig. 3),
suggesting that the MCDW waters at this location were diluted
with Fe-poor waters, and implying that MCDW in the WF region is
not serving as an exceptionally Fe-rich source. The presence of
CDW tagged dye at CPB, along with the supporting physical data
and model output, indicates the connection between the MCDW
observed at WF and deep waters at Pennell Bank (Supplemental
Fig. 3A and B). The lower dye concentration and higher iron con-
centration of the deep water at CPB relative to WF indicate that
these waters were further modified by surrounding shelf water
with elevated iron. The dynamics of the dye appearance and in-
creasing concentrations over time is consistent with the counter-
clockwise flow along the 300 m isobath of Pennell Bank (Kohut
et al., 2013), and also suggests a mechanism to inject deep waters
onto more shallow regions of the bank.

The lower Fe content of these MCDW waters suggests at least
three possibilities to explain the enhanced productivity observed
on CPB. First, the vertical supply of Fe may be sufficient even at
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Fig. 8. Silicate:nitrate drawdown ratios in response to various deep water additions
or ferric chloride. Panels A–D represent results from incubation stations 7, 16, 24
and 48 respectively. Symbols for “no Fe” treatments are hollow, while deep water
treatments are hollow with wide cross hatches (MCDW or deep water collected on
station), narrow cross hatches (CDW from station 14), or stippled (unfiltered,
UMCDW). Ferric chloride treatments (Fe) are indicated in grey. Error bars represent
standard deviations of values from replicate cubitainers. Of the planned compar-
isons tested, the drawdown ratios from ferric chloride treatments (all stations) and
the unfiltered MCDW treatment (station 24) were significantly less (po0.05) than
those of the no Fe controls.
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modest dissolved concentrations observed below the bloom. The
model calculations presented here suggest 2–15% of the demand
at CPB stations may be supplied from vertical transport. Moreover,
the dye concentrations in deep waters of CPB suggest �20% of this
deep water may be derived from offshore CDW. Second, particu-
late labile Fe pools (insofar as the acid lability approximates
bioavailability) may partly fulfill the Fe demand (Boyd et al., 2010).
We saw an effect of 0.2 nM particulate labile Fe addition on two of
four metrics from station 24 incubations, but we cannot speculate
on whether higher concentrations of particulate Fe would have
elicited a more consistent response from all four metrics. Third,
regeneration of Fe may occur on more rapid time scales than re-
generation of nitrogen; to the extent that this occurs the calculated
Fe demand may overestimate the actual demand for new Fe. Of
course, factors other than Fe may be involved in explaining this
enhanced productivity at CPB. Median mixed layer depths were
similar among these stations (Table 1), suggesting differences in
light regime may have only played a minor role.

Our model calculations implicitly include the contributions of
any iron sources that may contribute to the dissolved inventory in
the subsurface waters. This includes likely diagenetically supplied
Fe (Marsay et al., 2014) from regions of the flow path on Pennell
Bank where currents communicate with diagenetic sediments.
This will be discussed in further detail in a companion paper that
compares the physics, chemistry and biology and sediments of
Mawson and Pennell Banks, motivated by the results presented
here. These model results do not take into account the vertical
supply of any particulate Fe that may be labile, while we recognize
this could also be important (Boyd et al., 2010; Lam et al., 2014,).

Surface dissolved Fe concentrations within the study area were
0.12–0.21 pM, values which lead to modest to severe growth rate
limitation in cultures of Southern Ocean diatoms (Timmermans
et al., 2004). The phytoplankton in this region were dominated by
diatoms (Chaetoceros and Pseudo-nitzchia, and to lesser extents
Corethron and Fragilariopsis; as assessed by 18S ribosomal DNA se-
quencing; Kustka et al. (2015)). These low concentrations in diatom
dominated assemblages suggest Fe was limiting growth and



Table 3
Biomass specific and depth integrated productivity and subsequent required Fe supply and upwelling velocity. Net productivity was determined over 24 h, as indicated in
more detail in Section 2. Required vertical supply rates to sustain blooms at various locations, in the absence of regeneration within the mixed layer, assuming an Fe:C
demand calculated from integrated surface water Fe and nitrate depletion or a fixed ratio of 7 μmol:mol. CPB and NPB refer to Central Pennell Bank and Northern Pennell
Bank, respectively while WF refers to the western flank of Pennell Bank. Location averaged Fe:C demands refer to the averages for CPB and NPB stations.

Station Alpha (g C g chl
a�1 h�1)
(μmol m�2 s�1)�1

Pbmax

(g C g chl
a�1 h�1)

Net production
(mmol C m�2 d�1)

Apparent Fe:C
demand
(μmol mol�1)

Location average
Fe:C
(μmol mol�1)

Areal Fe demand
(nmol Fe m�2 d�1 )

Subsurface
dFe (nM)

Vertical de-
mand
(m d�1)

7 0.102 (0.028) 4.21 (0.40) 457 2.00 1.74 794–3199 0.286 2.8–11.2
16 0.037 (0.009) 1.79 (0.14) 87 0.76 1.51 131–609 0.198 0.7–3.1
24 0.044 (0.015) 1.53 (0.19) 105 2.48 1.51 158–735 0.185 0.9–4.0
41 0.032 (0.008) 1.63 (0.14) 56 1.28 1.51 84–392 0.122 0.7–3.2
48 0.036 (0.007) 1.78 (0.12) 91 2.06 2.06 187–637 0.219 0.9–2.9
61/64 0.113 (0.027) 3.20 (0.29) 300 1.48 1.74 521–2100 0.217 2.4–9.7

Table 4
Estimated regional upwelling rates based on increased surface water dye con-
centrations over time. CPB, NPB and WF indicate Central Pennell Bank, Northern
Pennell Bank, and Western Flanking regions (as identified in Fig. 1B). Dye
concentrations in surface and sub-surface strata (0–100 m and 100–200 m,
respectively) were sampled daily from neutrally buoyant drifters, as described in
greater detail in text.

Region 65 day integrated
rate (d�1)

Median daily
rate (d�1)

65 day in-
tegrated velo-
city (m d�1)

Median daily
velocity
(m d�1)

CPB 4.29�10�3 1.80�10�3 0.43 0.18
NPB �4.50�10�3 �1.03�10�2 �0.45 �1.0
WF �3.66�10�3 �3.04�10�3 �0.36 �0.30
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primary productivity, consistent with earlier observations in the
region (Sedwick and DiTullio, 1997; Sedwick et al., 2000; Olson
et al., 2000). The low Fv/Fm values (0.24–0.37) across the region are
Fig. 9. Hindcast trajectories of neutral density drifters found in the top 100 m of the wat
symbols represent the starting locations and depths of drifters located in the upper 100 m
date. In each panel, station locations are indicated with a cross-hatched symbol, and the
of drifters located in surface waters near station 7 on 31 Jan 2011. (B) As in panel A, but on
station 48 on 14 Feb 2011.
also indicative of widespread in situ Fe limitation. However, inter-
preting in situ Fv/Fm can be equivocal and requires some further
discussion. Strzepek et al. (2012) showed that Fe-replete cultures of
Southern Ocean diatoms may have Fv/Fmvalues as low as 0.25–0.3
in a manner dependent on light acclimation history. While we only
considered underway Fv/Fm values observed under low light con-
ditions, this does not strictly consider the integrated light history of
the populations.

Our incubations show that Fv/Fm values, Si:N removal ratios,
and growth rate responses are all consistent with growth rate
limitation by Fe across the study area. The changes in Fv/Fm during
incubations also support the interpretation of in situ iron limita-
tion. While in situ values were similar to those of Fe replete
cultures of Southern Ocean diatoms (Strzepek et al., 2012), the
increased differences between Fv/Fm values of Fe amended and
control treatments during the course of the incubations (Table 3,
Fig. 7) are consistent with in situ Fe limitation. The incubation
irradiance (40 μmol photon m�2 s�1) was similar to that required
er column within the vicinity of stations 7 and 48 in late summer 2011. Color coded
and within 10 km of station (cross hatched symbol), 14 days prior to the specified

300 and 400 m isobaths of Pennell Bank are labeled in panel A. (A) Starting location
14 Feb 2011. (C) As in panel A, except near station 48. (D) As in panel A, except near
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for saturation of photosynthesis (4279 μmol photon m�2 s�1;
from α and Pb

max in Table 3).
The Fv/Fm response after 9 days of high Fe treatment at station

7 was lower than values observed for the same treatment in the
other three incubations (0.373 vs. 0.53670.031). This is not likely
due to differences in Fe status among Fe amended populations,
considering that growth rates and Si:N removal ratios were similar
(Table 2, Fig. 8). Rather, the lower than expected variable to
maximum fluorescence value may simply reflect differences in
phytoplankton assemblages and potential differences in the re-
covery kinetics of Fv/Fm after Fe addition. Station 7 was dominated
(57% of phytoplankton 18S copy numbers) by Chaetoceros sp.
clades, with minimal (2%) contributions from Pseudonitzschia
(Kustka et al., 2015). In contrast, stations 24 and 48 had lesser
relative abundances of Chaetoceros (18% and 37%) and increases in
Pseudonitzschia (8% and 28%). Therefore, these results might be
explained by slower kinetics for recovery of Fv/Fm in Chaetoceros
sp. compared to other species.

The circulation model has been shown to accurately simulate
the observed pathways of CDW intrusions onto and across the
continental shelf (Dinniman et al., 2011) and a comparison of the
model MCDW volume transport in the WF region (0.2270.03 Sv)
over a two week period (27 Jan–9 Feb 2011) with that estimated
from a mooring (0.24 Sv; Kohut et al. (2013)) implies that, at least
around the time of these observations, the modeled MCDW
transport along the WF region is reasonable. However, it has also
been shown that near Pennell Bank the modeled mixed layer
depth in summer is often too shallow and the maximum tem-
peratures of the MCDW intrusions in the WF region are too warm
(McGillicuddy et al., in press both of which imply that there may
be too little mixing of MCDW (at least in the WF region) in the
model as it intrudes onto the shelf. Over the bank, the modeled
hydrography accurately reproduced the depth of the observed
mixed layer, however the modeled stratification in the upper 50 m
of the model was stronger than the observed stratification due to a
fresher surface layer in the model. We therefore use the model
simulations to provide an estimate of the scale of the vertical
supply to provide context on the potential relative rates across this
region.

There were �five-fold ranges in chl a and net primary pro-
duction (Table 3) across the Pennell Bank region, where iron
limitation was widespread. These observations are consistent with
spatially variable vertical Fe supply rates that are matched by the
demand for phytoplankton growth, although the effect of iron-
light interactions (Alderkamp et al., 2012) or grazing (Landry et al.,
1997) cannot be discounted. The upwelling of Fe in the CPB region
is adequate to supply at least some of the Fe required for the ob-
served high productivity. The model results suggest that upwelling
of subsurface waters is more pronounced at CPB than other re-
gions. The relative differences in calculated regional Fe supply
rates are consistent with differences in demand and suggest that
shallow mixed layers in the WF and NPB regions do not result in
the same enhanced productivity as observed at CPB stations be-
cause the rate of upwelling in the former regions may not supply
adequate iron.

While the highly productive area in the CPB region is consistent
with the predicted vertical supply of Fe, the paramount role of Fe
recycling must be recognized. Indeed, the proportion of pro-
ductivity that depends on new Fe may be as low as �6% in the
most Fe limited regions (Boyd et al., 2005). This capacity for re-
cycling may explain the significantly higher calculated Fe demands
relative to the predicted supplies; perhaps even more dramatic at
WF and NPB stations where modeled vertical velocities were not
positive (likely reflecting some of the limitations of the model
described above). Of course, this difference may also arise from the
inherent assumptions in both our supply and demand calculations.
Nonetheless, even with effective Fe recycling, an increases supply
of new Fe should still lead to increases in productivity in these
persistently Fe limited regions.

While phytoplankton biomass levels in the northern Ross Sea
are lower than those observed in the southern portion, the en-
hanced standing stocks observed on Pennell Bank suggest that the
broad patterns seen over the entire continental shelf may reflect
spatial variability of meso- and sub-mesoscale factors that alle-
viate growth limitation. Circulation patterns around topo-
graphically dynamic features such as banks can alter input of Fe
through both increased upwelling rates and higher concentrations
of iron. The modeled rates of Fe inputs are consistent with the
estimated iron demands. While other areas of the Ross Sea also
have significant spatial variability induced by different mechan-
isms (e.g., irradiance limitation induced by deep vertical mixing;
Smith and Jones, 2014)], a more clear understanding of the phy-
sical factors controlling phytoplankton growth will advance our
understanding of the mechanisms responsible for generating the
spatial variations in phytoplankton biomass throughout the ocean.
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